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White  and  brown  adipose  tissue  represent  two  integral  components  of  the  circuitry 
involved  in  energy  homeostasis.  While  white  adipose  tissue  (WAT)  serves  primarily  as  an 
energy  storing  tissue,  brown  adipose  tissue  (BAT)  functions  as  an  energy  dissipating 
tissue.  The  key  element  in  BAT  heat  production  is  the  presence  of  the  uncoupling  protein 
(UCPl).  UCPl  uncouples  mitochondrial  respiration  from  oxidative  phosphorylation,  thus 
causing  dissipation  of  the  energy  as  heat.  Leptin  is  another  important  regulator  of  energy 
homeostasis.  It  is  synthesized  primarily  in  WAT  and  acts  to  increase  energy  expenditure 
and  suppress  food  intake.  With  age,  there  is  an  increase  in  adiposity  in  both  humans  and 
rats  suggesting  that  there  is  an  alteration  in  the  regulation  of  one  or  more  components 
involved  in  energy  homeostasis.  The  present  study  focuses  on  some  of  the  aspects 
involved  in  the  regulation  of  energy  expenditure  and  the  changes  that  may  be  involved  in 
conditions  of  altered  energy  homeostasis  such  as  senescence. 

The  role  of  all-?ra/w-retinoic  acid  (RA)  (an  active  metabolite  of  vitamin  A)  in  energy 
homeostasis  was  studied.  It  was  demonstrated  that  RA,  when  given  as  an  acute  dose. 
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increased  UCPl  gene  expression  in  BAT  and  suppressed  leptin  gene  expression  in 
perirenal  WAT  (PWAT).  It  had  no  effects  on  whole  body  oxygen  consumption. 
However,  in  rats  fed  a  vitamin  A  supplemented  diet  (1 10  mg  retinol/kg  diet)  for  8  weeks, 
there  was  an  increase  in  63AR-stimulated  oxygen  consumption,  compared  with  rats  fed  a 
normal  diet  (8  mg  retinol/kg  diet).  Upon  vitamin  A  supplementation,  there  was  decrease  in 
adiposity,  which  was  associated  with  an  increase  in  UCPl  mRNA  levels  in  BAT,  a 
suppression  of  leptin  mRNA  levels  in  PWAT  and  a  lowering  of  serum  leptin  levels.  This 
evidence  suggested  that  vitamin  A  supplementation  had  a  potential  role  as  an  anti-obesity 
treatment  or  as  one  method  to  lower  abnormally  elevated  serum  leptin  levels. 

The  potential  of  reversing  the  age-related  increase  in  adiposity  and  increase  in  serum 
leptin  with  vitamin  A  supplementation  was  examined  in  aged  (24  month  old)  rats.  At  the 
same  time,  effects  of  vitamin  A  supplementation  were  examined  in  4  month  old  rats;  at  this 
age,  the  rats  have  very  low  levels  of  adiposity  and  serum  leptin.  Upon  vitamin  A 
supplementation  for  8  weeks,  in  aged  rats,  there  was  a  suppression  of  serum  leptin  levels 
and  leptin  mRNA  levels  in  PWAT;  however,  these  responses  in  24  month  rats  were 
blunted  in  magnitude  when  compared  with  6  month  old  rats.  There  was  no  change  in 
serum  leptin  levels  or  leptin  mRNA  levels  upon  vitamin  A  supplementation  in  4  month  old 
rats.  The  effectiveness  of  dietary  vitamin  A  to  lower  serum  leptin  levels  thus,  seemed  to 
be  dependant  on  the  levels  of  serum  leptin  present  and  on  leptin  homeostatic  mechanisms. 

Finally,  the  effects  of  chronic  treatment  with  63 AR  agonist,  CL3 16,243  were 
studied  in  young  (6  month)  and  aged  (24  month)  rats.  Upon  7  day  treatment  with 
CL3 16,243  there  was  a  decrease  in  adiposity  in  both  young  and  aged  rats.  Serum  leptin 
levels  were  lowered  with  CL3 16,243  in  young  rats  but  not  in  the  aged  rats.  The  induction 
of  UCPl  mRNA  levels  with  CL3 16,243  was  also  blunted  in  aged  rats,  compared  with  that 
in  young  rats.  The  suppression  of  leptin  mRNA  levels  was  similar  in  both  groups  of  rats. 

In  summary,  vitamin  A  supplementation  for  8  weeks,  as  well  as  63AR  agonist 
administration  for  7  days  were  effective  manipulations  to  reduce  adiposity  and  serum  leptin 
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levels  in  6  month  old  rats.  The  effects  of  the  two  treatments  in  24  month  (aged)  rats  were 
qualitatively  similar  to  those  in  6  month  rats,  but  blunted  in  magnitude.  The  two 
treatments,  thus,  have  limited  potential  as  manipulations  to  restore  or  compensate  for  the 
age-related  alterations  in  energy  homeostasis. 
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CHAPTER  1 
INTRODUCTION 

Overview  Of  Energy  Homeostasis  And  Bndv  Fat  Regulation 

White  and  brown  adipose  tissue  represent  two  integral  components  of  the  circuitry 
involved  in  energy  homeostasis.  While  the  white  adipose  tissue  (WAT)  serves  primarily  as  an 
energy  storing  tissue,  the  brown  adipose  tissue  (BAT)  functions  as  an  energy  dissipating  tissue. 
The  storage,  mobilization  and  utilization  of  different  energy  substrates  is  regulated  by  very 
specific  hormonal  mechanisms,  either  independently  or  in  conjunction  with  neural  mechanisms. 
The  need  to  maintain  a  fixed  level  of  energy  stores  without  continual  alterations  in  the  size  and 
shape  of  the  organism  requires  the  achievement  of  a  balance  between  energy  (food)  intake  and 
energy  expenditure.  The  current  dogma  suggests  that  the  amount  of  body  fat  is  regulated  through 
a  feedback  loop  that  modulates  food  intake  and  energy  expenditure  (Schwartz  and  Seeley,  1997). 
Also  called  the  'set  point'  hypothesis,  this  hypothesis  suggests  that  the  status  of  energy  stores  is 
sensed  by  the  central  nervous  system,  and  consequently,  food  intake  and  energy  expenditure  are 
adjusted  through  neuroendocrine  regulation  (Friedman  and  Leibel,  1992).  When  the  balance 
between  food  (energy)  intake  and  energy  expenditure  is  shifted  in  the  direction  of  excess  caloric 
intake,  over  a  prolonged  period  of  time,  obesity  occurs. 

Obesity  is  the  most  prevalant  nutritional  disorder  in  Western  societies.  More  than  three 
in  ten  adult  Americans  weigh  at  least  20%  in  excess  of  their  ideal  body  weight  (Epstein  and 
Higgins,  1992).  Obesity  is  a  significant  risk  factor  for  type  II  diabetes,  hypertension, 
cardiovascular  diseases  and  lipid  abnormalities  and  is  associated  with  increased  mortality  and 
morbidity.  In  both  humans  and  rodents,  there  is  commonly,  an  increase  in  adiposity  with  age 
(Epstein  and  Higgins,  1992).  This  suggests  that  with  age,  there  may  be  an  alteration  in  the 
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regulation  of  one  or  more  components  involved  in  energy  homeostasis.  Thus,  with  age,  there 
may  be  either 

1)  an  impaired  ability  to  produce  or  respond  to  the  signal  necessary  for  meal 
termination  (energy  intake)  or 

2)  a  diminished  capacity  for  energy  expenditure. 

In  rodents,  however,  food  intake  is  unchanged  with  age  (Li  et  al.,  1997a).  This  suggests  that 
impairment  in  energy  expenditure  may  be  contributing  to  the  increase  in  adiposity  with  age. 
This  dissertation  focuses  on  some  of  the  aspects  involved  in  the  regulation  of  energy  expenditure 
and  the  changes  that  may  be  involved  in  conditions  of  altered  energy  homeostasis  such  as 
senescence. 

White  Adipose  Tissue  And  Leptin 

White  adipose  tissue  (WAT)  constitutes  one  of  the  principal  energy  reserves  in  the  body; 
the  energy  in  WAT  is  stored  in  the  form  of  triacylglycerides.  The  concept  that  the  body's  energy 
stores  in  the  adipose  tissue  are  subject  to  regulation  first  emerged  in  the  1950's  when  Kennedy 
proposed  that  a  change  in  energy  balance  sufficient  to  alter  body  adiposity  elicits  a  compensatory 
change  in  food  intake  as  a  result  of  the  change  in  the  amount  of  negative  feedback  (Kennedy 
1953).  Early  evidence  in  support  of  this  theory  came  from  parabiosis  studies  by  Coleman 
(Coleman  1973).  (Parabiosis  is  a  technique  where  two  animals  are  physically  joined  to  one 
another  at  the  level  of  skin  and  subcutaneous  tissues,  such  that  they  share  a  cross-circulation  of 
about  2%).  In  parabiosis  experiments  using  the  genetically  obese,  ob/ob  mice  joined  with  wild 
type  mice,  the  ob/ob  mice  would  lose  weight;  thus,  it  was  postulated  that  a  circulating  factor 
existed  in  wild  type  mice  which  was  deficient  in  ob/ob  mice.  In  similar  experiments  using  the 
genetically  obese  db/db  mice  with  wild  type  mice,  the  db/db  mice  would  remain  unaffected, 
whereas  the  wild  type  mice  would  die  of  starvation.  Based  on  these  experiments,  it  was 
postulated  that  the  db/db  mice  were  resistant  to  the  action  of  the  unknown  factor,  but 
overproduced  it,  which  was  responsible  for  the  starvation  response  in  wild  type  mice.  Direct 


evidence  for  existence  of  a  negative  feedback  signal  was  provided  in  1994,  when  Zhang  et  al. 
identified  the  oh  gene  through  positional  cloning  in  ob/ob  mouse  (Zhang  et  al.,  1994). 

The  ob  gene  (now  called  the  leptin  gene)  is  expressed  primarily  in  WAT  (Zhang  et  al., 
1994).  Leptin,  the  protein  product  of  the  ob  gene,  is  an  afferent  signal  molecule,  synthesized  by 
WAT,  that  interacts  with  the  appetite  and  satiety  centers  in  the  brain  to  help  regulate  body  weight 
(Murakami  et  al.,  1995;  Pelleymounter  et  al.,  1995;  Halaas  et  al.,  1995;  Campfield  et  al.,  1995). 
Leptin  (derived  from  the  Greek  word,  leptos,  meaning  thin),  gets  its  name  from  its  ability  to 
induce  weight  loss  in  experimental  animals  (Pelleymounter  et  al.,  1995;  Halaas  et  al.,  1995). 
This  anti-obesity  effect  of  leptin  is  suggested  to  be  mediated  through  reduced  food  intake  and 
increased  energy  expenditure.  It  has  been  suggested  that  the  latter  may  be  a  consequence  of  an 
increase  in  non-shivering  thermogenesis  in  BAT  (Scarpace  et  al.,  1997). 

Leptin  is  an  important  component  of  several  postulated  positive  and  negative  feedback 
loops  interconnecting  food  intake,  sympathetic  activity,  WAT,  BAT,  and  neuropeptide  Y  (NPY) 
in  the  hypothalamus  as  depicted  in  Figure  1-1.  Eating  increases  both  insulin  and  glucocorticoid 
levels,  both  of  which  may  act  on  WAT  to  increase  the  gene  expression  of  leptin  (Cusin  et  al., 
1995;  Leroy  et  al.,  1996),  with  glucocorticoids  being  the  far  more  potent  stimulator  of  leptin 
gene  expression  and  secretion  (Slicker  et  al.,  1996).  With  overeating,  the  amount  of  WAT 
increases  (Meier,  1995).  Leptin,  synthesized  mainly  in  WAT,  is  secreted  into  the  circulation  and 
is  the  signal  indicating  the  level  of  adiposity  (Murakami  et  al.,  1995;  He  et  al.,  1995;  Macdonald 
et  al.,  1995).  Leptin  enters  the  central  nervous  system  and  acts  in  the  arcuate  nucleus  to  suppress 
gene  expression  of  neuropeptide  Y  (NPY)  (Sinha,  1997).  NPY  synthesized  in  the  arcuate 
nucleus  is  released  into  the  paraventricular  nucleus  and  dorsomedial  nucleus,  facilitating  food 
intake  and  the  suppressing  the  stimulus  for  energy  expenditure  (Wang  et  al.,  1997).  Thus,  leptin, 
by  inhibiting  NPY  synthesis,  reduces  food  intake  and  increases  energy  expenditure,  thus 
promoting  weight  loss.  The  hypothalamic  NPY  system  is  one  of  several  redundant 
neuroendocrine  systems  that  are  sensitive  to  leptin.  For  example,  recent  studies  indicated  that 
i.c.v.  administration  of  leptin  decreases  melanin-concentrating  hormone  and  galanin  mRNA 


Figure  1-1.  Diagram  depicting  some  of  the  positive  and  negative  feedback  loops  involved 
in  energy  homeostasis. 


levels  in  the  hypothalamus  (Sahu,  1998),  whereas  proopio-melanocortin  mRNA  (Schwartz  et  al., 
1997),  neurotensin  mRNA  (Sahu,  1998),  and  corticotropin-releasing  factor  (Raber  et  al.,  1997) 
are  increased. 

The  decrease  in  food  intake  following  leptin  administration,  in  turn,  decreases  insulin  and 
glucocorticoid  levels  and  the  subsequent  synthesis  of  leptin  (Meier,  1995).  In  addition,  it  has 
been  demonstrated  that  leptin  down  regulates  its  own  synthesis  independent  of  food  intake 
(Scarpace  et  al.,  1998).  Leptin  gene  expression  is  also  inhibited  by  B3-adrenergic  stimulation  of 
WAT  (Li  et  al.,  1997).  The  physiological  role  of  this  63 AR  mediated  suppression  is  unknown 
but  may  represent  another  negative  feed  back  loop  regulating  leptin  synthesis. 

Leptin  increases  energy  expenditure  and  the  increase  in  energy  expenditure  is 
independent  of  the  effects  of  leptin  on  food  intake  (Collins  et  al.,  1996;  Levin  et  al.,  1996). 
Recent  evidence  indicates  BAT  is  necessary  for  the  full  response  to  leptin.  In  mice  in  which 
70%  of  the  BAT  was  ablated  by  a  suicide  DNA  transgene,  there  were  increased  leptin  levels  and 
increased  diet-induced  obesity  (Hamann  et  al.,  1996;  Lowell,  1996).  This  suggests  that  without 
BAT,  these  mice  were  resistant  to  the  slimming  effects  of  leptin  (Lowell,  1996).  The  mechanism 
of  the  leptin-induced  increase  in  energy  expenditure  may  involve  increased  uncoupled  respiration 
by  the  uncoupling  proteins.  Leptin  increases  UCPl  mRNA  levels  in  BAT  (Scarpace  et.al., 
1997).  This  may  be  a  result  of  an  inhibition  of  NPY  by  leptin,  which  in  turn  increases 
sympathetic  activation  of  BAT.  Leptin  overexpression  has  been  demonstrated  to  induce  UCP2 
gene  expression  in  WAT  (Zhou  et.al.,  1997),  whereas  others  have  reported  a  leptin-induced 
increase  in  UCP3  gene  expression  in  both  BAT  and  muscle  (Gong  et  al.,  1997).  These  data 
suggest  uncoupled  respiration  in  BAT,  WAT  and  muscle  may  contribute  to  the  leptin  induced 
increase  in  energy  expenditure. 

Leptin  Signal  Transduction  :  The  effects  of  leptin  are  mediated  through  its  interaction 
with  its  membrane  receptor,  a  member  of  the  Class  I  cytokine  receptor  family  (Chen  et  al.,  1996; 
Tartaglia  et  al.,  1997).  Only  one  of  the  several  alternatively  spliced  variants  of  the  leptin 
receptor,  referred  to  as  the  long  form,  has  full  signal  transduction  capabilities  (Lee  eUal.,  1996). 


The  central  effects  of  leptin  are  believed  to  be  mediated  by  the  long  form  of  the  receptor. 
Leptin  receptor  mediated  signal  transduction  involves  activation  of  cytosolic  STAT  (signal 
transducer  and  activator  of  transcription)  proteins  (Vaisse  et.al.,  1996;  Ghilardi  etal.,  1996). 
Upon  activation  of  the  receptor,  STAT  proteins  bind  to  the  phosphotyrosine  residues  in  the 
cytoplasmic  domain  of  receptor  and  are  in  turn,  phosphorylated.  These  activated  STAT  proteins 
then  dimerize  and  translocate  to  the  nucleus  where  they  bind  DNA  and  modulate  transcription 

Central  and  Peripheral  actions  of  Lentin  :  Two  actions  of  leptin  mediated  by  leptin 
receptors  in  the  hypothalamus  are  the  suppression  of  feeding  and  the  increase  in  energy 
expenditure.  Both  appear  to  be  the  result  of  leptin  suppressing  the  synthesis  of  NPY  (Schwartz 
et.al.,  1996a;  Stephens  et.al.,  1995).  NPY,  a  36  amino-acid  orexigenic  peptide,  acts  in  the 
hypothalamus  to  facilitate  food  intake  and  reduce  energy  expenditure  (Stanley  et.al.,  1986; 
Billington  et.al.,  1991).  The  overall  result  of  these  diverse  actions  of  NPY  is  a  positive  energy 
balance  resulting  ultimately  in  weight  gain  in  the  animal.  Leptin,  by  inhibiting  NPY  expression 
and  synthesis,  reduces  food  intake  and  increases  energy  expenditure,  thus  promoting  weight  loss 
(Stephens  et.al.,  1995;  Wang  et.al.,  1997).  However,  NPY  knockout  mice  respond  to  leptin 
administration  to  the  same  extent  as  wild  type  mice  (Erickson  et.al.,  1996).  Thus,  the 
hypothalamic  NPY  system  is  likely  to  be  only  one  of  several  redundant  response  systems  that  are 
sensitive  to  negative  feedback  by  leptin.  In  addition  to  its  effects  on  food  intake  and  energy 
expenditure,  leptin  has  been  demonstrated  to  improve  insulin  resistance  and  decrease  circulating 
levels  of  insulin  and  glucose  (Caro  et.al.,  1996;  Schwartz  et.al.,  1996). 

The  direct  (peripheral)  effects  of  leptin  on  non-hypothalamic  targets  such  as  ovary 
(Zachow  et.al.,  1997)  and  hematopoietic  cells  (Bennett  et.al.,  1996)  have  been  described.  In 
addition,  leptin  has  been  demonstrated  to  have  a  direct  inhibitory  effect  on  insulin  secretion  in 
pancreatic  islets  (Emilsson  et.al.,  1997).  Leptin  has  also  been  demonstrated  to  have  direct  effects 
on  BAT  and  WAT  (Siegristkaiser  et.al.,  1997).  Leptin  was  shown  to  stimulate  basal  lipolysis  in 
WAT  pads  ex  vivo,  and  induce  the  expression  of  LPL  in  brown  adipocytes  (Siegristkaiser  et.al., 
1997).  In  the  same  study,  leptin  was  also  shown  to  induce  the  nuclear  translocation  of  STATs 


(STATl)  in  brown  and  white  adipocytes  (Siegristkaiser  et.al.,  1997).  Thus,  leptin  may  exert  its 
anti-obesity  effects  not  only  through  an  endocrine,  hypothalamic  pathway  but  also  through  an 
autocrine  or  paracrine  pathway. 

Regulation  of  levels  of  leptin  mRNA  and  serum  lentin:  Both  in  animals  and  humans, 
leptin  expression  and  levels  increase  as  the  size  of  the  adipose  tissue  stores  increase  (Maffei  et.al, 
1996).  Leptin  is  strongly  expressed  in  WAT  (Murakami  et.al.,  1995)  and  is  absent  in  most  other 
tissues,  except  in  the  placenta,  where  it  is  present  at  very  low  levels  (Masuzaki  et.al.,  1997).  The 
physiologic  regulation  of  leptin  gene  expression  includes  increased  expression  with  feeding 
(Trayhum  et.al.,  1995a;  Saladin  et.al.,  1995)  and  a  rapid  suppression  of  expression  with  fasting 
(Trayhum  etal.,  1995a;  Saladin  et.al.,  1995).  Leptin  gene  expression  also  demonstrates  a  diurnal 
rhythm  with  higher  expression  during  the  night  compared  with  the  day  (Saladin  et.al.,  1995). 
Leptin  gene  expression  is  suppressed  upon  cold  exposure  (Trayhum  et.al.,  1995;  Hardie  et.al., 

1996)  .  There  is  a  wide  variation  in  leptin  levels  in  plasma,  which  vary  with  age  (Li  et.al.,  1997a) 
as  well  as  under  conditions  such  as  fat-rich  diets  (Masuzaki  et.al.,  1995),  carbohydrate  ingestion 
(Thompson  et.al,  1996),  alterations  in  blood  glucose  (Mizuno  et.al.,  1996).  Hormonal  regulation 
includes  increased  expression,  both  in  vitro  and  in  vivo  with  glucocorticoids  (DeVos  et.al.,  1995) 
and  insulin  (Cusin  et.al.,  1995;  MacDougald  et.al.,  1995).  Negative  regulators  include  63- 
adrenergic  agonists  and  cAMP  (Mantzoros  et.al.,  1996;  Li  et.al.,  1997;  Slieker  et.al.,  1996).  In 
addition,  63AR  agonists  completely  block  the  insulin  induced  increase  in  leptin  expression 
(Gettys  et.al.,  1996)  as  well  as  the  refeeding  induced  increase  in  leptin  expression  (Li  et.al., 

1997)  .  The  leptin  gene  promoter  is  only  recently  being  characterized.  Like  many  other 
adipocyte  genes,  leptin  gene  promoter  is  positively  regulated  through  a  functional  binding  site 
for  CEBPa  (a  member  of  the  CCAAT/enhancer  binding  protein  family)  (Hwang  et.al,  1996).  In 
contrast,  agonists  for  the  PPARy  transcription  factors  suppress  leptin  expression,  which  is  due  at 
least  in  part,  to  functional  antagonism  between  PPARy  and  CEBPa  (Zhang  et.al.,  1996; 
Hollenberg  et.al.,  1997).  Recently,  four  conserved  and  functional  regions  on  the  leptin  gene 
promoter  have  been  identified  to  be  important  for  activity  of  the  promoter  (Mason  et.al.,  1998). 


These  include  the  TATA  box,  the  C/EBP  motif,  the  binding  site  for  Spl  (sterol  response  binding 
protein- 1),  and  a  fourth  motif  binding  an  unknown  factor  (Mason  et.al.,  1998).  A  retinoic-acid 
response  element  has  not  yet  been  identified  on  the  leptin  gene  promoter. 

Brown  Adipose  Tissue.  Thermo  genesis  And  UCPl 

Energy  expenditure  of  an  organism  can  be  divided  into  two  major  components;  the  first 
component  includes  the  obligatory  energy  costs  of  all  cellular  functions  and  physiological 
processes  while  the  second  component  concerns  energy  expenditure  that  is  not  associated  with 
the  performance  of  a  specific  function  apart  from  the  usage  of  energy  per  se  and  tiie  generation 
of  heat  (Flier  and  Lowell,  1997).  Examples  of  tiie  latter  include  futile  metabolic  cycles  and  non- 
shivering  thermogenesis  in  BAT.  Non-shivering  thermogenesis  in  BAT  serves  to  regulate  body 
weight  after  hyperphagia  and  is  an  important  source  of  heat  to  warm  an  animal  after  exposure  to 
the  cold  (RoUiwell  and  Stock,  1986;  Himms-Hagen,  1990).  The  thermogenic  and  trophic 
responses  of  BAT  are  primarily  mediated  by  norepinephrine  released  from  sympathetic  nerve 
terminals  (Himms-Hagen,  1990).  Although  both  BlARs  and  63ARs  are  involved  in  producing 
BAT  responses,  it  is  predominantiy  activation  of  the  B3AR  that  controls  Uie  thermogenic 
response  of  BAT  (Zhao  et.al.,  1994)  The  key  element  in  BAT  heat  production  is  the  presence  of 
tiie  uncoupling  protein,  now  called  uncoupling  protein-1  (UCPl)  (Ricquier  et.al.,  1991).  The 
sequence  of  events  that  leads  to  BAT  thermogenesis  is  shown  in  Figure  1-2.  The  maximum 
capacity  for  BAT  thermogenesis  is  a  function  of  both  the  degree  of  uncoupling  and  tiie  quantity 
of  BAT.  BAT  grows  in  response  to  prolonged  sympathetic  activation  such  as  during  cold 
exposure  (Park  et.al.,  1988;  Cannon  et.al.,  1996)  The  best  measure  of  thermogenic  capacity  is 
the  assessment  of  the  amount  of  UCPl  or  UCPl  mRNA.  Whole  body  oxygen  consumption  is 
one  measure  of  the  thermogenic  activity  of  the  tissue. 

UCPl  and  its  regulation:  UCPl,  the  key  molecule  in  the  thermogenic  function  of  BAT  is 
a  32kDa  protein  belonging  to  the  family  of  the  evolutionarily  related  mitochondrial  membrane 
transporters  which  include  the  ADP/ATP  transporter  (Klingenberg,  1990).  UCPl  is  a  proton 


channel  located  exclusively  in  the  inner  mitochondrial  membrane  of  BAT  adipocytes  and  is 
activated  by  fatty  acids  (Ricquier  et.al.,  1991).  When  activated,  UCPl  dissipates  the  proton 
gradient  across  the  inner  mitochondrial  membrane,  uncoupling  mitochondrial  respiration  from 
oxidative  phosphorylation,  causing  the  dissipation  of  stored  energy  as  heat,  instead  of 
synthesizing  ATP  (Ricquier  et.al.,  1991).  (An  alternate  model  suggests  that  UCPl  is  a  fatty  acid 
anion  transporter,  transporting  the  free  fatty  acid  anion  into  the  cytosol  where  it  becomes 
protonated.  The  anion  carries  the  proton  back  into  the  mitochondrion  independent  of  ATP 
synthesis,  thus  dissipating  the  proton  gradient  and  generating  heat)  (Garlid  et.al,  1996).  UCPl 
mediated  effects  on  energy  expenditure  are  regulated  by  changes  in  the  level  of  sympathetic 
activity  in  the  BAT.  UCPl  activity  is  also  regulated  by  purine  di-  and  tri-  nucleotides  (ATP, 
ADP,  OTP,  and  GDP)  which  inhibit  uncoupling  (Klingenberg,  1990). 

UCPl  is  encoded  by  a  nuclear  gene  which  is  uniquely  expressed  in  BAT  (Bouillad  et.al., 
1985;  Jacobsson  et.al.,  1985).  Recent  reports  however  suggest  that  UCPl  expression  can  be 
induced  in  other  tissues,  notably  WAT  under  chronic  and  intense  stimulation  with  B3AR  agonists 
(Ghorbani  and  Himms-Hagen,  1997).  The  sympathetic  nervous  system  is  the  primary  activator 
of  UCPl  gene  transcription.  However,  it  was  demonstrated  that  concurrence  of  norepinephrine 
and  thyroid  hormone  is  required  for  the  full  response  of  UCPl  (Silva,  1988).  Other  hormones 
have  also  been  demonstrated  to  be  necessary  for  a  full  response  or  to  have  an  inhibitory  effect  on 
UCPl.  For  example,  streptozotocin-induced  diabetes  causes  a  reduction  in  the  UCPl  response 
which  is  restored  by  administration  of  insulin  (Gelben  et.al.,  1990).  The  UCPl  gene  is  thus, 
under  complex  regulation.  Catecholamines  (via  cAMP),  thyroid  hormone,  and  retinoic  acid 
directly  stimulate  the  gene  acting  upon  an  upstream  (-2.28/-2.49  kb)  enhancer  sequence,  although 
cAMP  has  been  shown  to  act  upon  other  sequences  of  the  gene  as  well  (Silva  and  Rabelo,  1997). 
While  the  thyroid  hormone  response  element  (TRE)  and  the  retinoic  acid  response  element 
(RARE)  have  been  well-defined,  the  cAMP  response  elements  remain  elusive.  CCAAT 
enhancer  binding  proteins  and  peroxisome  proliferation  activator  receptor  (PPAR72)  have  also 
been  implicated  in  the  regulation  of  UCPl  gene  acting  on  discrete  sequences  (Sears  et.al.,  1996). 


The  stimulatory  effects  of  insulin  on  UCPl,  on  the  other  hand,  are  indirectly  mediated,  possibly 
through  its  capacity  to  stimulate  activity  of  thyroxine  5'  deiodinase  (Mills  et.al,  1987). 
Glucocorticoids  have  an  inhibitory  effect  on  UCPl;  the  mechanism  is  indirect  and  is  thought  to 
involve,  among  other  mechanisms,  the  stimulation  of  NPY  (Moriscot  et.al.,  1993;  Chen  et.al, 
1996). 

Thermogenesis  in  man  :  In  humans,  regulated  thermogenesis  is  also  thought  to  be  an 
important  component  of  metabolism  and  body  weight  homeostasis.  However  the  contribution  of 
UCPl  and  BAT  to  the  overall  thermogenesis  in  humans  has  been  controversial.  In  infants,  BAT 
accounts  for  about  1%  of  the  body  weight,  is  functionally  active  and  infact,  is  the  major  source  of 
thermoregulation  (Cannon  and  Nedergaard,  1994).  With  age,  BAT  disappears  from  many  sites 
(due  to  decreasing  need  of  thermogenesis  associated  with  a  progressive  reduction  of  the  surface 
area-to-volume  ratio),  but  is  preserved  in  the  neck  and  around  the  kidneys  and  the  adrenal  glands. 
Moreover,  the  demand  for  thermogenesis  is  low  in  an  adult  human  who  normally  resides  in  a 
thermoneutral  environment.  Nonetheless,  BAT  is  active  in  adult  humans,  although  to  a  variable 
extent.  BAT  accumulation  had  been  documented  in  individuals  who  are  occupationally  exposed 
to  the  cold  and  in  diseases  associated  with  elevated  catecholamines  such  as  Chagas  heart  disease 
(Lean,  1989;  Soares,  1991).  Patients  with  pheochromocytoma,  an  adrenal  medullary 
catecholamin-secreting  tumor,  have  been  found  to  have  active  BAT  (Lean,  1986).  This  suggests 
that  human  BAT  is  capable  of  responding  to  the  trophic  effects  of  BAR  stimulation. 

Uncoupling  protein-2  (UCP2)  And  Uncoupling  protein-3  (UCP3) 

Recently,  two  additional  uncoupling  proteins,  UCP2  and  UCP3,  have  been  identified 
(Reury  et  al,  1997;  Vidal-Puig  et  al.,  1997).  These  uncoupling  proteins  have  59%  and  57% 
homology,  respectively,  with  UCPl  and  73%  homology  with  each  other  (Boss  et.al.,  1997; 
Fleury  et  al.,  1997;  Vidal-Puig  et  al.,  1997).  Both  UCP2  and  UCP3  have  been  shown  to  lower 
mitochondrial  membrane  potential  when  transfected  into  yeast,  supporting  the  hypothesis  that 
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Figure  1-2.  B-adrenergic  stimulation  of  thermogenesis  in  brown  adipose  tissue 
a)  norepinephrine  activates  63ARs,  b)  adenylyl  cyclase  is  activated  and  cAMP  levels  rise,  c) 
hormone-sensitive  lipase  is  activated  to  liberate  free  fatty  acids  (FFA)  from  fat,  d)  FFA 
accumulate  and  activate  the  mitochondrial  UCPl,  e)  there  is  a  high  rate  of  substrate  oxidation  in 
uncoupled  mitochondria  and  f)  energy  dissipation  (heat  production)  increases. 


these  homologs  also  uncouple  oxidative  phosphorylation  and  contribute  to  thermogenesis  in 
vivo  (Gong  et  al.,  1997;  Fleury  et  al.,  1997).  The  expression  of  UCP2  and  UCP3,  unlike  UCPl, 
are  not  limited  to  BAT.  UCP3  is  expressed  mainly  in  BAT  and  skeletal  muscle,  whereas  UCP2 
is  widely  expressed  in  many  tissues,  including  white  adipose  tissue  (WAT),  heart,  and  muscle  in 
both  rodents  and  humans  (Boss  et.al.,  1997;  Fleury  et  al.,  1997;  Vidal-Puig  et  al.,  1997).  Several 
lines  of  evidence  support  a  role  for  UCP2  and  UCP3  gene  in  energy  balance.  Thus,  the  levels  of 
UCP2  gene  expression  in  different  mouse  strains  (AJ/5  versus  BL/6)  correlate  negatively  with 
susceptibility  to  diet-induced  obesity  (Fleury  et.al.,  1997).  UCP2  gene  expression  was 
demonstrated  to  increase  in  WAT  in  Zucker  rats,  in  which  the  leptin  gene  is  overexpressed  (Zhou 
et  al.,  1997).  In  addition,  in  UCPl -deficient  mice,  UCP2  expression  in  BAT  is  up  regulated, 
possibly  contributing  to  the  surprising  absence  of  obesity  in  these  cold-intolerant  mice  (Enerback 
et  al.,  1997).  Leptin  increases  the  gene  expression  of  UCP3  in  muscle  and  BAT  of  ob/ob  mice 
(Gong  et  al.,  1997).  UCP3  gene  expression,  like  UCPl  (but  unlike  UCP2),  has  been  reported  to 
be  highly  responsive  to  B3-adrenergic  agonists.  Both  UCPl  and  UCP3  are  upregulated  by  63- 
agonists,  as  well  as  thyroid  hormone,  and  feeding  and  downregulated  by  fasting  (Gong  et  al., 
1997). 

B3  Adrenergic  Receptors  And  Energy  Balance 

The  63  adrenoceptor  (63AR)  first  isolated  from  a  human  genomic  library  (Emorine  et  al 
1989),  is  highly  expressed  in  BAT  and  WAT,  where  it  is  the  predominant  6-adrenoreceptor 
subtype  (Giacobino  1995).  The  lipolytic  and  thermogenic  effects  of  catecholamines  on  WAT 
and  BAT  are  mediated  predominantly  by  the  63AR.  Acute  treatment  of  rodents  with  63AR 
selective  agonists  has  been  demonstrated  to  increase  energy  expenditure  (as  measured  by  effects 
on  oxygen  consumption  and  UCPl  mRNA  levels)  (Scarpace  et.al.,  1992;)  an  increase  in  insulin 
levels  (Grujic  et.al.,  1997)  and  a  suppression  of  food  intake  (Mantzoros  et.al.,  1996).  Long  term 
treatment  of  obese  rodents  with  63AR  agonists  reduces  fat  stores  and  improves  obesity  induced 
insulin  resistance  (Umekawa  et.al.,  1998).  The  concept  that  a  defect  in  the  63AR  might  be 


involved  in  the  pathogenesis  of  obesity  and  diabetes  in  rodents  was  suggested  by  the  observation 
that  in  BAT  and  WAT  of  obese  fa/fa  Zucker  rats  and  ob/ob  mice,  the  63AR  expression  is 
decreased  (Muzzin  et  al.  1991,  Collins  et  al.  1994).  A  targeted  disruption  of  the  63AR  gene  in 
mice  was  first  reported  by  Susulic  et  al  (1995).  The  B3  knockout  mice  did  not  become  overly 
obese  but  had  significantly  higher  body  fat  content  than  control  mice.  The  animals  were 
otherwise  normal,  including  their  ability  to  respond  normally  to  cold  exposure,  possibly  due  to 
the  compensatory  adaptations,  such  as  the  upregulation  of  61AR  expression  in  BAT  and  WAT 
(Susulic  et.al.,  1995).  A  subsequent  study  by  Revelli  et  al.  (Revelli  et  al.  1997),  reported  that 
targeted  disruption  of  the  B3AR  gene  in  mice  did  not  have  any  effect  on  levels  of  UCPl  mRNA 
in  BAT  or  leptin  mRNA  in  WAT  or  circulating  leptin  levels.  Again,  the  total  body  fat  in  the  63 
knockout  mice  was  significantly  higher  than  the  conu-ols.  Moreover,  upon  high  fat  feeding,  the 
(-/-)  mice  demonstrated  a  significantly  higher  food  intake  and  body  fat.  It  was  thus  suggested 
that  the  disruption  of  the  B3AR  creates  conditions  which  predispose  to  the  development  of 
obesity. 

The  63AR  also  plays  a  specific  role  in  the  conttol  of  energy  balance  through  sympathetic 
activation  by  leptin.  It  has  been  hypothesized  that  leptin  stimulates  the  sympathetic  nervous 
system  via  the  hypothalamus  (Collins  et  al  1996).  This  leptin  mediated  sympathetic  activation 
results  in  63AR  mediated  effects  in  BAT  and  WAT,  including  thermogenesis  in  BAT  and 
lipolysis  in  WAT.  In  addition,  there  is  also  suppression  of  leptin  gene  expression  in  WAT 
(Giacobino  1997).  Therefore,  leptin  exerts  a  retroregulatory  inhibition  of  its  own  expression  via 
the  sympathetic  nervous  system,  thus  contributing  to  maintaining  a  constant  energy  balance. 

Vitamin  A  And  Its  Role  In  Energy  Homeostasis 

Vitamin  A  is  the  generic  term  designating  any  compound  with  the  beta-ionone  structure 
having  qualitatively  the  biological  activity  of  retinol  (Gerster,  1996).  The  whole  class  of 
compounds  structurally  related  to  retinol  is  called  retinoids  and  includes  both,  the  synthetic  and 
natural  forms  of  vitamin  A.  Vitamin  A  has  been  shown  to  be  an  important  modulator  of  cellular 


growth,  differentiation,  development  and  homeostasis  in  vertebrate  organisms  (Sucov  et.al., 
1995).  Vitamin  A  is  acquired  from  the  diet  and  its  fate  in  vivo  has  been  well  studied  (Sucov  and 
Evans,  1995).  Dietary  retinol  is  absorbed  in  the  intestine,  esterified  to  long  chain  fatty  acids,  and 
transported  via  the  circulatory  system  as  retinyl  esters  in  chylomicron  particles  of  the  liver 
(Blomhoff  et.al.,  1994).  Vitamin  A  is  stored  in  vertebrates  in  the  liver  and  is  mobilized  by 
hydrolysis  back  to  the  free  alcohol,  complexed  with  a  carrier  protein,  retinol  binding  protein,  and 
exported  to  the  periphery,  via  the  circulatory  system  (Blomhoff  et.al.,  1994).  In  the  periphery, 
cells  take  up  retinol  and  locally  metabolize  it.  Within  the  target  cells,  retinol  is  oxidized  to 
retinaldehyde  (retinal),  the  chromophore  for  the  protein  rhodopsin  in  the  retina  (Blomhoff  et.al., 
1994).  Retinal  is  further  oxidized,  in  an  irreversible  step,  to  all-trans  retinoic  acid  (RA).  An 
isomerase  activity  reversibly  converts  RA  to  9-cis-retinoic  acid  (Blomhoff  et.al.,  1994).  The 
pleiotropic  effects  of  vitamin  A,  with  the  exception  of  the  vision  process,  are  mediated  by  its  acid 
derivatives. 

Retinoids  exert  their  diverse  physiological  actions  by  interacting  with  two  families  of 
nuclear  receptors,  the  retinoic  acid  receptors  (RARs)  and  the  retinoid  X  receptors  (RXRs),  which 
regulate  gene  expression  by  forming  transcriptionally  active  heterodiraeric  RAR/RXR  or 
homodimeric  RXR/RXR  complexes.  These  regulate  gene  expression  by  interacting  with  retinoic 
acid  response  elements  close  to  target  genes  and  thus  induce  a  cascade  of  regulatory  events 
(Green  and  Chambon,  1988).  Retinoid  receptors  have  been  identified  in  both  WAT  (Tsutsumi  et 
al.,  1992)  and  in  BAT  (Cassard-Doulcier  et  al.,  1994;  Alvarez  et  al.,  1995).  In  contrast  to  the 
effects  of  RA  on  epithelial  or  muscle  cells,  where  RA  promotes  differentiation,  the  effect  of  RA 
on  preadipocytes  is  to  inhibit  their  differentiation  to  adipocytes  (Kamei  et.al.,  1994;  Sato  et.al., 
1980).  RA  has  also  demonstrated  to  influence  the  survival  of  preadipocytes;  treatment  of  the 
cells  cultured  in  delipidated  (without  retinoids)  medium,  with  RA  causes  death  of  the  cells  by 
apoptosis  (Chawla  and  Lazar,  1994).  Both  WAT  and  BAT  express  high  levels  of  cytosolic 
retinoid  binding  proteins  (Tsutsumi  et.al.,  1992)  and  accumulate  substantial  amounts  of  vitamin 
A  derivatives.  The  effects  of  RA  on  BAT  have  only  recently  been  studied.  RA  has  been  shown 


to  be  a  powerful  activator  of  UCPl  gene  expression  in  vitro  (Puigserver  et  al.,  1996)  and  in  vivo 
(Alvarez  et  al.,  1995;  Puigserver  et  al.,  1996;  Rabelo  al.,  1996)  acting  through  a  RA-responsive 
region  in  the  UCPl  gene  (Larose  et.al.,  1996;  Rabelo  et  al.,  1996).  The  RA-response  element 
(RARE)  in  the  UCPl  gene  promoter  is  complex  and  unique;  its  function  depends  on  the  presence 
of  three  discrete  sequences  distributed  within  a  74-bp  stretch  of  DNA.  Moreover,  all  the 
sequences  must  be  present  and  interact  with  each  other  for  conferring  RA-responsiveness,  in  an 
unprecedented  all-or-nothing  manner  (Rabelo  et  al.,  1996).  In  UCPl  gene,  the  RARE  is  situated 
just  upstream  of  thyroid  hormone  response  elements  and  overlaps  with  the  cAMP-response 
element-cell  specific  response  element  (CRE-BREl)  (Rabelo  et  al.,  1996). 

Vitamin  A  activity  is  expressed  in  units  of  weight  as  retinol  equivalents,  where  1  RE 
corresponds  to  1  ^ig  retinol.  One  international  unit  (lU)  of  vitamin  A  is  defined  as  0.3  |lg  of  all- 
fran^-retinol.  For  nutritional  purposes,  the  term  'retinol  equivalent'  (RE)  has  been  defined  where 
1  ^g  all-fra/w-retinol  equals  IRE  (Sucov  et  al.,  1995) 

Lipoprotein  Lipase 

The  enzyme  lipoprotein  lipase  (LPL)  is  important  in  the  transport  and  metabolism  of 
lipids,  and  infact,  LPL  is  considered  to  be  the  gatekeeper  for  fat  storage  in  adipose  cells 
(Robinson  et.al.,  1987).  Disturbances  in  regulation  of  LPL  have  been  implicated  in 
pathophysiological  processes  such  as  obesity  and  insulin  resistance  (Kern,  1997;  Taylor  et.al, 
1979;  Coppack,  1997).  LPL  is  synthesized  by  the  parenchymal  cells  and  transported  to  the 
luminal  surfaces  of  the  vascular  endothelial  cells  of  the  tissues,  where  it  hydrolyses 
triacylglycerols  in  chylomicrons  and  VLDLs  (Camps  et.al.,  1990).  The  fatty  acids  so  released 
diffuse  into  the  adjacent  cells,  are  reassembled  into  triglycerides  and  stored.  Stimulation  of  LPL 
is  thus  the  contributing  factor  in  the  determination  of  the  conversion  of  dietary  proteins  and 
carbohydrates  to  either  fat  or  muscle.  Transcriptional,  translational  as  well  as  post-translational 
regulation  has  been  demonstrated  for  LPL  (Mitchell  et.al.,  1992;  Doolittle  et.al.,  1990; 
Klingenspor  et.al.,  1996).  In  BAT,  LPL  supplies  the  fatty  acids  required  for  nonshivering 


thermogenesis  (Klingenspor  et.al.,  1996).  The  LPL  gene  in  BAT  is  under  positive  adrenergic 
regulation  (Kuusela  et.al.,  1997).  The  adrenergic  stimulation  of  LPL  gene  expression  in  BAT 
has  been  determined  to  be  mediated  predominantly  via  a  63AR  pathway  (Kuusela  et.al.,  1997). 
LPL  is  also  subject  to  regulation  by  other  hormones,  such  as  dexamethasone  (Ong  et.al.,  1992). 
RA  has  been  demonstrated  to  decrease  the  activity  of  LPL  but  have  no  effects  on  mRNA  levels, 
in  vivo  (OUver  and  Rogers,  1993). 

Impaired  Energy  Homeostasis  With  Senescence 

Energy  homeostasis  is  characterized  by  several  redundant  pathways  which  include 
positive  and  negative  feedback  loops  interconnecting  feeding  behavior,  sympathetic  activity, 
WAT,  BAT  and  the  hypothalamus.  With  aging,  there  is  a  distinct  alteration  in  the  regulation  of 
the  various  homeostatic  mechanisms.  Aging  is  associated  with  a  significant  decrease  in 
hormonal  responsiveness  of  many  tissues  (Roth,  1995).  The  age-related  decrement  in  hormone 
stimulated  lipolysis  in  WAT  has  been  well  established  and  studied  (Hoffman  et.al.,  1984; 
Twersky  et.al.,  1991).  More  recently,  it  has  been  suggested  that  specific  decreases  in  expression 
of  63 AR  and  BIAR  in  WAT  may  contribute  to  the  age-dependent  decrease  in  adipocyte 
responsiveness  of  adipocytes.  In  BAT,  the  63AR  plays  a  predominant  role  in  mediating 
thermogenesis,  in  rodents.  There  is  an  impairment  in  the  63AR  mediated  thermogenic  response 
with  age  (Scarpace  1997).  Similar  to  WAT,  in  BAT,  B3AR  as  well  as  BIAR  mRNA  levels  are 
decreased  by  50%  with  senescence  (Scarpace  et.al.,  1996).  In  addition,  the  B3AR  activation  of 
thermogenesis  in  BAT,  as  measured  by  B3AR  induced  increases  in  oxygen  consumption  and 
GDP  binding  are  decreased  with  age  (Scarpace  et.al.,  1992;  Scarpace  et.al.,  1994).  The  UCPl 
induction  by  a  63AR  agonist  in  also  blunted  in  old  rats  (Scarpace  et.al.,  1996).  Other  responses 
including  the  cold-induction  of  thyroxine-5'-deiodinase  (an  important  enzyme  in  thyroid 
hormone  action),  or  response  of  BAT  to  food  deprivation  are  also  attenuated  with  age  (Gabaldon 
et.al.,  1995;  Garcia-Palmer  et.al.,  1997).  All  evidence  suggests  a  gradual  decline  in  BAT 
function  with  age. 


Decreases  in  BAT-mediated  energy  expenditure  have  been  suggested  to  contribute  to  the 
increase  in  adiposity  seen  with  age.  There  is  an  increase  in  adiposity  with  age,  in  both  humans  as 
well  as  rodents  (Epstein  and  Higgins,  1992).  However,  this  increase  in  adiposity  is  independent 
of  changes  in  food  intake,  which  remains  unchanged  or  is  slightly  decreased  with  age  (Li  et.al., 
1997;  Grunewald  et.al.,  1996).  Thus,  the  increased  adiposity  with  age,  may  be  at  least  partially 
the  result  of  decreased  energy  expenditure. 

Yet  another  factor  suggested  to  contribute  to  the  increase  in  adiposity  is  development  of 
leptin  resistance  with  age.  One  component  of  the  leptin  resistance  with  age  may  be  due  to  the 
elevated  serum  leptin  with  age,  i.e.,  increased  adiposity  leads  to  increased  leptin,  which  in  turn 
desensitizes  leptin  responsiveness,  which  in  turn  results  in  leptin  resistance.  The  leptin  resistance 
further  increases  adiposity,  which  in  turn  increases  leptin  synthesis  and  so  on.  It  is  possible  that 
this  age-  (or  adiposity)  induced  downward  spiral  contributes  both  to  leptin  resistance  and  to  the 
component  of  increased  leptin  gene  expression  with  age  that  is  independent  of  the  increased 
adiposity  with  age.  Factors  which  disrupt  this  downward  spiral,  such  as  reducing  serum  leptin 
levels  may  restore  leptin  responsiveness  and  may  even  reduce  adiposity.  The  failure  of  elevated 
serum  leptin  to  regulate  body  fat  with  age,  i.e.,  leptin  resistance  with  age  may  be  the  result  of  one 
or  more  physiological/biochemical  changes  with  age.  Possibilities  include: 

Impaired  transport  of  leptin  into  the  cerebrospinal  fluid. 

(2) 

^  '      Diminished  leptin  receptor  number  or  affinity. 
(3) 

^  '      Impaired  leptm  receptor  signal  transduction. 
(4) 

^  '      Points  beyond  NPY  synthesis  such  as  altered  NPY  responsiveness. 

Impaired  leptin  regulation  of  other  neuropeptides,  such  as  galanin,  melanin-concentrating 
hormone,  neurotensin,  corticotropin-releasing  factor  and  proopiomelanocortin. 
Changes  with  age  in  feeding  or  energy  homeostasis  pathways  that  do  not  involve  leptin. 


Thus,  aging-related  alterations  in  function  of  one  or  more  pathways  or  alterations  in  the 
responsiveness  of  these  pathways  to  hormonal  or  physiologic  stimulation  may  contribute  to  the 


altered  energy  homeostasis  in  senescence.  The  expression  of  various  genes,  the  products  of 
which  are  important  in  energy  homeostasis,  may  vary  with  age.  Either  the  basal  activity  of  a 
gene  or  its  responsiveness  to  important  hormonal  or  physiologic  modulation  may  be  reduced  in 
parallel  with  aging.  A  better  understanding  the  mechanisms  involved  in  age-related  alterations 
means  an  improved  armamentarium  of  treatments  and  strategies  for  improving  the  quality  of  life 
of  elderly  people. 

There  are  very  few  animal  models  available  to  study  aging.  The  National  Institute  of 
Aging  has  established  rat  and  mouse  colonies  specifically  for  aging  research.  Of  these,  the  male 
Fisher-344/BN  rat  was  chosen  because  1)  this  animal  has  a  relatively  short  life  span  with 
senescence  attained  at  30  mo,  2)  the  stock  and  strain  have  been  characterized  under  well-defined 
environmental  and  genetic  conditions  with  respect  to  age-associated  changes.  In  addition,  this 
rat  model  demonstrates  a  steady  increase  in  serum  leptin  and  body  fat  into  early  senescence  (Li 
et.al,  1997).  It  is  thus,  a  good  model  for  studies  in  age-related  obesity. 

Goals 

This  dissertation  focuses  on  some  of  the  aspects  involved  in  regulation  of  energy 
expenditure  and  the  changes  that  may  be  involved  in  conditions  of  altered  energy  homeostasis 
such  as  senescence.  It  further  explores  the  potential  of  two  treatments  to  reverse  some  of  the 
age-related  alterations  in  the  energy  homeostatic  mechanisms.  .  / 

63AR  agonists  modulate  energy  homeostasis  through  their  effects  on  both  BAT  as  well  as 
WAT.  63 AR  agonists  increase  UCPl  gene  expression  and  energy  expenditure  in  BAT  and 
decrease  leptin  gene  expression  in  WAT.  Furthermore,  B3  agonists  suppress  food  intake  and  also 
decrease  adiposity.  63AR  agonists  are  effective  anti-obesity  agents  in  rodents.  All-Zron^-retinoic 
acid,  an  active  metabolite  of  vitamin  A,  has  been  demonstrated  to  upregulate  UCPl  gene 
expression  in  vitro  and  in  vivo,  when  given  as  a  chronic  dose  for  4  days  (Alvarez  eLal.,  1995). 

Thus,  the  first  goal  of  this  dissertation  is  to  determine  if  a  single  acute  dose  of  all-trans- 
retinoic  acid  (RA)  increases  UCPl  mRNA  levels  in  BAT,  decreases  leptin  mRNA  levels  in  WAT 


and  activates  BAT  thermogenesis,  in  a  manner  similar  to  63  agonists.  A  parallelism  in  the 
effects  of  RA  and  the  63AR  agonist,  CGP12177  on  BAT  and  WAT  would  indicate  a  specific  role 
for  RA  in  energy  homestasis. 

The  second  goal  of  this  dissertation  is  to  determine  the  overall  role  of  vitamin  A,  the 
parent  compound  of  RA,  in  energy  homeostasis,  when  administered  over  a  long  (8  weeks)  period 
of  time.  In  particular,  the  potential  of  vitamin  A  as  an  anti-obesity  treatment  will  be  examined. 

In  rodents,  there  is  an  increase  in  adiposity  with  an  increase  in  age  (Epstein  and  Higgins, 
1992).  There  is  also  an  increase  in  serum  leptin  levels  with  an  increase  in  age  (Li  et.al.,1997). 
The  rate  of  increase  in  serum  leptin  levels  is  however,  far  greater  than  the  rate  of  increase  in 
adiposity,  thus  suggesting  the  development  of  leptin  resistance  with  age.  The  third  goal  of  these 
studies  is  to  explore  the  effectiveness  of  vitamin  A  supplementation  to  lower  the  elevated  serum 
leptin  levels  seen  with  age. 

The  fourth  goal  of  this  dissertation  is  to  explore  the  effectiveness  of  B3AR  agonists  as 
anti-obesity  agents  in  aged  rats.  In  addition,  the  abiUty  of  63AR  agonist  to  lower  elevated  serum 
leptin  will  be  examined. 

Overall,  these  studies  have  been  designed  to  investigate  the  role  of  vitamin  A  and  its 
active  metabolite  RA,  on  various  aspects  of  energy  homeostasis,  including  UCPl  mRNA  levels 
in  BAT,  whole  body  oxygen  consumption,  leptin  mRNA  levels  in  WAT  and  serum  leptin  levels. 
In  addition,  the  potential  of  vitamin  supplementation  for  8  weeks  and  long  term  B3  AR  agonist 
treatment  (for  8  days)  to  reverse  or  compensate  for  some  of  the  age-related  alterations  in  energy 
homeostasis  will  be  studied. 


CHAPTER  2        "      j.:  *  ,  ; 
MATERIALS  AND  METHODS 

Experimental  Animals 

Male  Fisher  344  x  Brown  Norway  (F344/BN)  rats,  ages  3,  6,  24  months  were 
obtained  from  Harlan  Sprague  Dawley  from  the  colonies  maintained  under  contract  with 
the  National  Institute  of  Aging.  Upon  arrival,  rats  were  examined  and  remained  in 
quarantine  for  one  week.  Rats  were  housed  individually  with  a  12  h  light:  12  h  dark 
cycle  with  lights  on  at  7  A.M  and  at  a  room  temperature  of  26  C,  which  is 
thermoneutrality  for  these  rats  (Scarpace  et  al.,  1994).  Food  (Purina  rat  chow,  Ralston 
Purina,  St.  Louis,  MO)  and  water  were  provided  ad  libitum.  For  the  studies  involving 
vitamin  A  supplementation,  the  diet  used  was  a  special  blend  rat  chow  provided  by  lAMS 
Co.  (Lewisburg,  OH).  Animals  were  cared  for  in  accordance  with  the  principles  of  the 
Guide  for  the  Use  of  Experimental  Animals. 

Tissue  Harvesting 

Rats  were  killed  by  cervical  dislocation  under  pentobarbital  anesthetic  (90  mg/kg 
body  weight).  Blood  (4  ml)  was  collected  in  Vacutainer  SST  tubes  (Becton  Dickinson, 
Franklin  Lakes,  NJ)  via  cardiac  puncture  using  an  18  gauge  needle.  The  circulatory 
system  was  then  perfused  with  60  ml  cold  saline.  Brown  adipose  tissue  (BAT),  perirenal, 
epidydymal,  retroperitoneal  white  adipose  tissues  (WAT),  liver,  were  excised,  weighed, 
and  rapidly  stored  in  liquid  nitrogen.  The  tissues  were  stored  at  -70  C  until  analysis. 
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Oxygen  Consumption 

Oxygen  consumption  was  assessed  on  upto  4  rats  simultaneously  with  an  Oxyscan 
analyzer  (OXS-4;  Omnitech  Electronics,  Columbus,  OH,  USA).  All  measurements  were 
done  on  conscious  unanesthetized  rats  during  the  light  phase  of  the  light-darkness  cycle. 
The  apparatus  consisted  of  four  air-tight  chambers  connected  to  a  five-chaimel  mass  flow 
controller  (The  5th  channel  samples  room  air)  and  a  zirconia  sensor  analyzer.  The 
apparatus  was  calibrated  with  a  primary  grade  20%  O2, 80%  N2.  Flow  rates  were  2L/min 
with  a  30  sec  sampling  time  at  5  minute  intervals.  The  temperature  was  maintained  at  26 
C.  Baseline  oxygen  consumption  was  determined  for  2h.  O2  consumption  was  was 
expressed  on  a  mass-independant  basis  (ml  min"^  kg'0-67). 

Determination  Of  Adiposity 

Adiposity  was  determined  by  the  adiposity  index  (the  sum  of  the  weight  of 
EWAT,  PWAT  and  RTWAT  divided  by  body  weight  xlOO)  (Taylor  and  Phillips,  1996) 

Serum  Leptin  Levels 

Levels  of  leptin  in  the  serum  were  measured  using  a  rat  leptin  radioimmunoassay 
kit  (Linco  Research,  St.  Charles,  MO).  50  ^il  standards  provided  in  the  kit  (recombinanat 
rat  leptin)  and  50  ^1  test  serum  (in  duplicate)  were  incubated  in  a  phosphate  buffer  (pH 
7.4)  containing  0.025M  EDTA,  0.1%  Na  azide,  0.05%  Triton  X-100  and  1%  BSA  with  a 
50  \i\  antileptin  antibody  for  18  h  at  room  temperature,  in  a  total  volume  of  150  ^il. 
Radiolabeled  leptin  (10,000  cpm)  was  then  added  and  the  tubes  allowed  to  incubate  for 
an  additional  18  h  at  room  temperature.  Antiserum  bound  radiolabeled  leptin  was 
precipitated  by  addition  of  500  jil  precipitating  reagent  provided  in  the  kit,  for  20  minutes 
at  4  C  The  tubes  were  centrifuged  for  20  min  at  2500g,  after  which  the  supernatant  was 
decanted  and  the  pellets  counted  in  gamma  counter.  The  concentration  of  leptin  in  the 
test  samples  was  calculated  by  extrapolation  from  the  standard  curve. 
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Serum  and  Liver  Retinol 

Total  retinol  from  serum  (400  p.1)  and  liver  (500  ^g)  were  extracted  by  addition  of 
1  ml  hexane  with  0.01%  BHT  in  the  cold.  The  hexane  extraction  was  repeated  twice  and 
the  extracts  pooled  and  evaporated  to  dryness  under  nitrogen.  Extracted  lipids  were 
resuspended  in  hexane  methanol  (1:9)  solution  containing  0.01%  BHT  and  analysed  for 
retinol  by  HPLC  (Furr  et  al.,  1984). 

TQtai  RNA  ExtragtiQi) 

Total  RNA  extraction  was  performed  as  described  by  Chomczynski  and  Sacchi 
(1986).  Solution  D  was  prepared  fresh  by  adding  7  |il  6-mercaptoethanol  and  50  ^il  of  a 
10%  sarkosyl  solution  for  every  ml  guanidine  thiocyanate  buffer.  Frozen  tissue  samples 
(about  50  mg  for  BAT  and  300  mg  for  WAT)  were  sonicated  in  solution  D  (1ml  for  every 
100  mg  of  tissue).  An  equal  volume  of  water-saturated  phenol  was  added  to  the  samples 
and  the  samples  shaken  vigorously  by  hand  for  10  to  15  seconds.  The  samples  were  then 
sequentially  mixed  with  a  solution  of  2M  sodium  acetate  at  pH  5.0  (100  ^1  for  100  mg 
tissue)  and  a  mixture  of  chloroform/isoamyl  alcohol  (24:1)  (200  ^il  for  100  mg  tissue). 
Samples  were  incubated  on  ice  for  15  minutes,  centrifuged  at  12000g  for  15  minutes  and 
the  upper  aqueous  layer  was  separated.  RNA  in  the  upper  aqueous  layer  was  precipitated 
with  an  equal  volume  of  isopropanol  and  kept  at  -20  C  for  1  hour.  Samples  were  then 
centrifuged  at  12000g  for  15  minutes  and  the  supernatant  discarded.  The  RNA  pellets 
were  dissolved  in  Solution  D  (300  ^1  for  100  mg  tissue).  Equal  volume  of  isopropanol 
was  added  to  the  samples  to  precipitate  the  RNA,  and  the  samples  kept  at  -20  C  for  1 
hour.  Samples  were  centrifuged  at  12000g  for  15  minutes,  the  RNA  pellets  were  washed 
twice  (by  suspension  and  centrifugation)  with  1ml  of  75%  ethanol  and  finally  with  100% 
ethanol.  The  pellets  were  air-dried  for  15  minutes  and  dissolved  in  RNAse  free  water. 
Integrity  of  RNA  was  verified  using  1%  agarose  gels  stained  with  ethidium  bromide. 
Optical  density  measurements  at  wavelengths  of  260  and  280  nm  were  used  to  determine 


the  RNA  concentration  and  purity.  Typical  yields  of  RNA  from  BAT  and  WAT  were 
about  l^ig/mg  and  0.1  |ig/mg  tissue,  respectively. 

For  extraction  of  RNA  from  the  hypothalamus,  the  protocol  used  commercially 
available  TriReagent  (Molecular  Research  Center,  Cincinnati,  OH).  The  entire  tissue  was 
homogenized  in  1  ml  TriReagent,  and  subsequently  kept  at  room  temperature  for  10 
minutes.  200  |J,1  chloroform  was  then  added  to  the  homogenate  and  the  tube  shaken 
vigorously  for  15  seconds.  The  resulting  mixture  was  kept  at  room  temperature  for  an 
additional  10  minutes  and  then  centrifuged  at  12000g  for  15  minutes  at  4  C.  Following 
centrifugation,  the  upper  aqueous  supernatant  was  transferred  to  another  tube  and  500  |il 
isopropanol  was  added  to  precipitate  the  RNA.  After  keeping  at  room  temperature  for  10 
minutes,  the  tube  was  centrifuged  at  12000g  for  15  minutes,  and  the  resulting  RNA  pellet 
was  washed  with  75%  ethanol.  Integrity  of  RNA  was  verified  using  1%  agarose  gels 
stained  with  ethidium  bromide.  Optical  density  measurements  at  wavelengths  of  260  and 
280  nm  were  used  to  determine  the  RNA  concentration  and  purity. 

Probe  Labeling  with  32p 

Complementary  DNA  probes  labeled  with  32P  were  synthesized  using  random 
prime  (Prima-A-Gene  Labeling  kit,  Promega,  Madison,  WI)  and  a  [32p]-d-ATP  (3000 
Ci/mmol).  About  25  ng  of  cDNA  was  diluted  with  the  requisite  amount  of  water  and  the 
solution  boiled  for  2  minutes  in  a  boiling  water  bath  and  then  cooled  on  ice.  Sequential 
additions  of  the  5X  buffer  and  bovine  serum  albumin  provided  in  the  kit,  the  nucleotide 
mix  (500  ^iM  dCTP,  500  ^lM  dTTP,  500  ^iM  dGTP),  50  uCi  of  a  [32p]-d-ATP,  and  1  ^1 
of  DNA  polymerase  I,  large  Klenow  fragment  were  made  to  the  cDNA  solution.  The 
reaction  mixture  was  vortexed  and  incubated  at  room  temperature  for  60  minutes.  The 
labeled  probe  was  purified  and  the  unincorporated  nucleotides  and  random  primers 
removed  by  passing  the  reaction  mixture  through  Nick  columns  (Pharmacia).  For  each 
probe  so  labeled,  the  percentage  of  radioactivity  incorporated  was  calculated  as  cpm 


incorporated/total  cpm.  Additionally,  the  specific  activity  of  each  probe  (in  cpm/|ig)  was 
calculated  as  (total  cpm  incorporated/ng  DNA  synthesized  +  ng  input  DNA)  x  0.001.  All 
the  probes  used  had  a  specifc  activity  of  1  x  10  9  cpm/ug. 

The  leptin  oligonucleotide  was  radio-labeled  using  the  DNA  3'-End  labeling 
system  (Promega,  Madison,  WI).  In  this  reaction,  2  picomoles  of  leptin  oligonucleotide 
was  mixed  with  the  5X  buffer,  a  [32P]-d-ATP,  and  the  enzyme  terminal 
deoxynucleotidy transferase.  The  mixture  was  allowed  to  incubate  at  37  C  for  60  minutes, 
at  the  end  of  which,  the  labeled  probe  was  purifed  as  above. 

Dot  Blot  Analysis  Of  mRNA  In  Tissue  Samples 

The  levels  of  mRNA  were  measured  by  dot-blot  analysis.  A  representative  dot- 
blot  is  presented  in  Fig  2-1.  Equal  concentrations  of  serially  diluted  RNA  samples  were 
immobilized  on  nylon  membranes  (Gene  Screen)  using  a  dot  blot  apparatus  (Biorad). 
Thus,  0.5, 1.0, 1.5  |ig  total  RNA  are  dotted  along  columns  1  through  12.  Rows  A  through 
H  represent  the  different  treatments  /  groups  in  the  study.  Multiple  dilutions  of  the  RNA 
sample  minimized  any  error  due  to  RNA  loading.  The  filters  were  baked  at  80  C  for  2 
hours.  The  baked  membranes  were  prehybridized  in  10  ml  QuikHyb  (Stratagene, 
LaJolla,  CA)  for  20  minutes.  Following  prehybridization,  the  labeled  probe  and  100  |ig 
salmon  sperm  DNA  (the  mixture  of  the  two  components  being  denatured  by  boiling  for  .2 
minutes),  were  added  to  the  Quikhyb  solution.  After  hybridization  for  2  hours  at  65  C, 
the  membranes  were  washed  twice  in  2X  SSC  0.1%  SDS  for  15  minutes  at  50  C  and  then 
in  0.  IX  /  0. 1%  SDS  at  50  C.  The  membranes  were  wrapped  in  saran  wrap  and  exposed  to 
a  phosphor  imaging  screen  for  48-72  hours.  The  latent  image  was  scanned  using  a 
Phosphor  Imager  (Molecular  Dynamic,  Sunnyvale,  CA)  and  analyzed  by  Image  Quant 
Software  (Molecular  Dynamics). 
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Figure  2-1.  Representative  dot  blot. 


Bradford  Assay  For  Determination  Of  Protein  Content 


Protein  determination  was  based  on  a  method  described  by  Bradford  (1969).  300 
|Xl  of  sample  (either  tissue  homogenates  or  membrane  preparations)  was  digested  ovemite 
with  33.3  |xl  NaOH  (7.44  N).  The  digested  samples  were  then  diluted  with  3  ml  water. 
Appropriate  aliquots  of  the  diluted  samples  (50  -  200  ^,1)  were  further  diluted  with 
0.0744N  NaOH  to  a  volume  of  800  ^U.  200  ^il  Bradford's  dye  reagent  (Bio-Rad)  was  then 
added  to  all  the  samples  including  the  standards.  The  tubes  were  allowed  to  sit  for  5-15 
minutes  and  the  absorbance  read  at  595  nm  (Shimadzu  spectrophotometer).  The 
concentration  of  the  samples  were  calculated  by  extrapolation  from  the  standard  curve, 
(The  standard  used  was  Bovine  serum  albumin  (BSA)  dissolved  in  water  to  obtain  a 
1.33mg/ml  solution  in  water.  Using  this  stock  solution  and  dilution  with  0.0744N  NaOH, 
a  range  of  BSA  standard  solutions  were  prepared  (3.3, 6.65, 13.3,  26.6,  53.2  Jig/ml). 

Determination  Of  DNA  Content 

Total  DNA  was  determined  by  fluorimetric  assay  in  delipidated  tissue,  using 
bisBENZlMIDE  (Labarca  and  Paigen,  1990).  BAT  (30  mg)  or  perirenal  WAT  (90mg) 
were  sonicated  on  ice  for  15  sec  in  500  ^il  PSE  buffer  (50mM  sodium  phosphate,  pH  7.4, 
2M  NaCl,  ImM  EDTA).  The  tissue  was  delipidified  by  the  addition  of  7  ml  acetone  (- 
20c),  followed  by  mixing  for  20  min  and  centrifugation  at  1800  g  for  10  min.  The  pellet 
was  harvested  and  resuspended  in  PSE  buffer.  Fluorescence  of  appropriate  aliquots  of 
each  sample  was  read  in  PSE  buffer+  1  ^ig/ml  bisBENZIMIDE,  at  emission  wavelength 
of  460  nm,  in  a  Hoefer  (San  Francisco,  CA,  USA)  fluormeter,  model  TKO  100. 

Probes 


Leptin  mRNA  was  detected  using  a  33-mer  antisense  oligonucleotide  (5- 
GGTCTGAGGCAGGGAGCAGCTCTTGGAGAAGGC-3')  probe  synthesized  at  the 


University  of  Florida  core  facility  (Trayhurn  et.al.,  1995).  The  UCPl  probe  (a  full  length 
cDNA  clone)  was  obtained  from  Dr.  Leslie  Kozak,  the  Jackson  Laboratory,  Bar  Harbor, 
Maine  (Kozak  et.al.,  1988),  the  UCP2  cDNA  (IMAGE  389584)  was  provided  by  Craig 
Warden  (Fleury  et.al,  1997).  The  B3  cDNA  (pi  10)  were  provided  by  James  Granneman 
(Granneman  and  Lahners,  1992).  The  mouse  LPL  cDNA  clone  was  obtained  from 
ATCC  (Rockville,  MD)  and  the  full  length  human  6-actin  cDNA  clone  was  obtained 
from  Clontech  (Palo  Alto,  CA). 

Chemicals 

CGP  12177  was  a  gift  from  Ciba-Geigy  (Summit,  NJ,  USA).  CL  316,243  was  a  . 
gift  from  Lederie  Laboratories  (Pearl  River,  NY,  USA).  BRL  37344  was  a  gift  from 
Smith  Kline  Beecham  (Frythe,  Welwyn,UK).  Methylprednisolone  sodium  succinate  was 
obtained  from  Upjohn  Co  (Kalamazoo,  MI,  USA).  All  other  chemicals  were  obtained 
from  Sigma  Chemicals  (St.  Louis,  MO,  USA),  unless  stated  otherwise 

Statistical  Analysis 

All  data  are  expressed  as  means  ±  SE.  In  chapter  3,  comparisons  between  groups 
for  each  dependent  variable  measured  were  made  by  one-way  analysis  of  variance.  In 
chapters  4,  5  and  6,  two-way  analysis  of  variance  was  used  to  determine  the  effect  of  diet 
and  drug  (Chapter  4)  or  age  and  diet  (Chapters  5  and  6).  When  the  main  effect  was 
significant.  Fisher's  protected  least  significant  differences  test  was  applied  for  post-hoc 
comparisons.  A  p  value  of  0.05  or  less  was  considered  to  be  significant  Statistical 
software  used  was  Instat  (Graphpad). 


CHAPTER  3 

ACUTE  EFFECTS  OF  ALL-77MA^5-RETINOIC  ACID  AND 
THE  63 AR  AGONIST,  CGP12177  IN  BROWN  ADIPOSE  TISSUE  AND 
PERIRENAL  WHITE  ADIPOSE  TISSUE 

Background  and  Experimental  Design 

All-fronj-retinoic  acid  (RA),  an  active  metabolite  of  vitamin  A,  plays  a  role  in  the 
regulation  of  UCPl  gene  expression  (Alvarez  et  al.,  1995;  Puigserver  et  al.,  1996),  The 
action  of  RA  as  a  transcriptional  activator  of  the  UCPl  gene  has  been  described  in  brown 
adipocytes  (Alvarez  et  al.,  1995;  Rabelo  et  al.,  1996).  Another  study  has  described  the 
induction  of  UCPl  gene  expression  upon  chronic  administration  of  RA  in  mice 
(Puigserver  et  al.,  1996).  This  evidence  suggests  Uiat  RA  may  play  an  important  role  in 
the  thermogenic  funtion  of  BAT  and  hence,  in  energy  homeostasis.  Apart  from  the 
induction  of  UCPl  gene  expression,  it  is  not  known  as  to  whether  RA  has  any  acute 
effects  on  thermogenesis  in  BAT.  In  addition,  the  effects  of  RA  on  leptin  gene 
expression  are  unknown.  The  effects  of  63 AR  specific  agonists  on  UCPl  and  leptin  gene 
expression  are  well  established.  Upon  administration  of  63AR  specific  agonists,  tiiere  is 
an  induction  of  UCPl  gene  expression  in  BAT,  an  increase  in  whole  body  oxygen 
consumption  as  well  as  a  suppression  of  leptin  gene  expression  in  WAT  (Scarpace  et.al„ 
1992;  Scarpace  etal.,  1994;  Mantzoros  et.al.,  1996;  Li  et.al.,  1997). 

We  hypoUiesized  that  RA  when  given  as  an  acute  dose  to  vitamin  A-sufficient 
animals,  would  stimulate  BAT  Uiermogenesis  and  suppress  leptin  gene  expression,  in  a 
manner  similar  to  63AR  specific  agonists.  To  test  this  hypothesis,  a  single  dose  of  RA 
(7.5  mg/kg,  ip)  or  the  63AR  specific  agonist,  CGP12177  (0.75  mg/kg,  ip)  was 
administered  to  6  month  old  vitamin  A  sufficient  F344/BN  rats.  A  third  group  of  rats 
were  administered  Uie  glucocorticoid,  methylprednisolone  (65  mg/kg,  sc,  2  doses,  24 
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hours  apart).  The  effects  of  raethylprednisolone  on  UCPl  and  leptin  gene  expression  are 
well  established.  The  methylprednisolone  treatment  group  was  thus  included  in  the  study 
to  serve  as  a  reference  (internal  control).  5  hours  after  injection  of  the  rats  with  either 
RA,  CGP12177,  or  methylprednisolone,  the  following  parameters  were  examined;  whole 
body  oxygen  consumption,  UCPl  mRNA  levels  in  BAT  leptin  mRNA  levels  in  PWAT 
and  lipoprotein  lipase  (LPL)  mRNA  levels  in  BAT  and  PWAT. 

These  studies  were  designed  primarily  to  examine  the  acute  effects  of  RA  on  the 
various  parameters  of  energy  homeostasis  viz.  UCPl  mRNA  levels  in  BAT,  leptin 
mRNA  levels  in  WAT,  LPL  mRNA  levels  in  BAT  and  WAT  and  whole  body  oxygen 
consumption  and  compare  the  same  with  those  of  the  63AR  agonist,  CGP12177,  the  most 
potent  stimulator  of  BAT  thermogenesis.  A  parallelism  in  the  effects  of  RA  and  the  63 
agonist  CGP12177,  would  indicate  a  specific  role  for  RA  in  energy  homeostasis. 
CGP12177  has  been  demonstrated  to  induce  UCPl  gene  expression  in  BAT  in  5  hours 
(Scarpace  et.al.,  1991).  Thus,  5  hours  was  chosen  as  the  reference  time  point  in  these 
studies. 

Results 

UCPl  mRNA  levels  in  BAT 

The  acute  effects  of  a  single  dose  of  RA  (7.5  mg/kg,  ip)  on  UCPl  mRNA  levels  in 
BAT  were  examined  in  vitamin  A-sufficient  F344/BN  rats.  5  hours  after  injection,  RA 
induced  a  70%  increase  in  UCPl  mRNA  levels  that  was  highly  significant  compared  with 
controls  (Fig  3-1).  The  effects  of  RA  on  UCPl  mRNA  levels  were  compared  with  the 
effects  of  the  63AR  specific  agonist,  CGP12177  (0.75  mg/kg,  ip),  and  the  glucocorticoid, 
methylprednisolone  (65  mg/kg,  2  doses,  24  h  apart,  sc).  Levels  of  UCPl  mRNA  in  all 
treatment  groups  were  examined  5  h  after  the  last  injection.  UCPl  gene  expression 
induced  by  CGP12177  increased  by  360%  as  compared  with  controls,  whereas 
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Figure  3-1.  Effects  of  RA,  methylprednisolone  (MP)  or  CGP12177  on  UCPl  mRNA 
levels  in  BAT.  Animals  were  administered  either  vehicle,  all-trans  -retinoic  acid  (low 
dose  and  high  dose)  (RA,  low  dose  -  7.5  mg/kg  and  RA,  high  dose  -  22.5  mg/kg), 
methylprednisolone  (MP,  65  mg/kg,  2  doses,  24  h  apart),  or  CGP12177  (0.75  mg/kg). 
Animals  were  sacrificed  5  h  post-injection.  (For  MP,  animals  were  sacrificed  5  h  after 
the  last  dose).  Data  represent  means  ±  SE  of  6-8  rats  in  each  treatment  group.  UCPl 
mRNA  levels  are  expressed  in  arbitrary  units/^g  RNA,  with  the  level  of  UCPl  mRNA  in 
vehicle  controls  set  to  100  with  SE  adjusted  proportionally. 
*P  <  0.05  for  differences  from  vehicle  controls  by  one-way  ANOVA. 


methylprednisolone  resulted  in  a  65%  reduction  in  UCPl  mRNA  levels  (Fig  3-1).  In 
contrast  to  the  changes  in  UCPl  mRNA  levels,  administration  of  RA,  CGP12177,  or 
methylprednisolone  did  not  significantly  change  levels  of  B-actin  mRNA  compared  with 
controls  (Table  3-1).  The  total  DNA  and  protein  content  in  BAT  were  also  unchanged 
between  the  groups  (Table  3-1).  In  a  second  experiment,  the  acute  effects  of  a  higher 
dose  of  RA  (22.5  mg/kg,  ip)  on  UCPl  mRNA  levels  were  examined.  There  was  a  72% 
increase  in  UCPl  mRNA  levels  following  administration  of  a  higher  dose  of  RA  (22.5 
mg/kg),  which  was  similar  to  that  seen  with  the  lower  dose  of  RA  (7.5  mg/kg)  (Fig  3-1). 

Oxygen  consumption 

To  assess  whether  RA  induced  an  acute  activation  of  BAT  thermogenesis,  the  immediate 
time-course  response  of  whole  body  oxygen  consumption  was  examined  following  ip 
administration  of  RA  (22.5  mg/kg),  CGP12177  (0.75  mg/kg),  or  vehicle.  The  process  of 
injecting  the  rats  with  RA  or  vehicle  in  itself  produced  a  transient  increase  in  oxygen 
consumption  that  peaked  at  15  minutes  and  was  evident  for  30  minutes  postinjection  (Fig 
3-2).  There  was  no  sustained  change  in  oxygen  consumption  with  RA  compared  with 
controls  over  2  hours  (Fig  3-2).  In  some  rats,  oxygen  consumption  was  measured  for  5 
hours  after  administration  of  RA,  but  no  increases  in  oxygen  consumption  were  observed 
(average  change  in  RA-stimulated  oxygen  consumption  over  baseline  from  30  min  to  300 
min,  postinjection  was  -0.45  ±  0.68  ml/min/kgO-67).  In  contrast,  CGP12177  resulted  in  a 
rapid  increase  in  oxygen  consumption  that  was  sustained  for  greater  than  2  hours  (Fig  3- 
2).  The  averaged  peak  increase  in  the  CGP12177-stimulated  oxygen  consumption 
(calculated  as  the  average  increase  over  baseline  from  30  min  to  1 10  min,  postinjection) 
was  8.06  ±  0.13  mVmin/kgO-67. 

UCP2  mRNA 


The  effects  of  RA,  CGP12177  or  methylprednisolone  on  levels  of  UCP2  mRNA 


Table  3-1 


Levels  of  total  DNA,  total  protein  and  B-actin  mRNA  in  brown  adipose  tissue  (BAT) 
following  administration  of  vehicle,  RA,  methylprednisolone  (MP),  or  CGP12177 


DNA 

Protein 

6-actin  mRNA 

(|xg  /  BAT  depot) 

(mg  /  BAT  depot) 

(arbitrary  units  /  |xg  RNA) 

Vehicle 

368  ±  29 

24±4 

100.0  ±12.9 

RA 

332±  30 

16  ±1 

93.4  ±  12.2 

MP 

326  ±  60 

16  ±0.6 

81.2  ±5.2 

CGP12177 

304  ±  14 

16  ±0.4 

94.0  ±8.9 

Animals  received  either  vehicle,  RA,  (7.5  mg/kg),  methylprednisolone  (MP,  65 
mg/kg,  2  doses,  24  h  apart),  or  CGP12177  (0.75  mg/kg).  Tissues  were  collected  5  h  after 
treatment  with  vehicle,  RA,  or  CGP12177  or  MP.  Data  represent  mean  ±  SE  of  6-8  rats 
in  each  treatment  group.  DNA  content  (in  terms  of  ^ig/BAT  depot)  has  been  presented  to 
reflect  an  estimate  of  the  total  number  of  cells  in  the  tissue.  6-actin  mRNA  levels  are 
expressed  in  arbiu-ary  units/^ig  RNA,  with  the  level  in  vehicle  controls  set  to  100,  with  SE 
adjusted  proportionally.  There  was  no  statistical  difference  in  the  levels  of  total  DNA, 
total  protein,  and  6-actin  mRNA  in  BAT  among  the  four  treatment  groups 
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Figure  3-2.  Increase  (A)  over  baseline  in  oxygen  consumption  after  administration  of  RA, 
CGP12177  or  vehicle.  Animals  were  administered  RA  (22.5  mg/kg)  (•),  CGP12177 
(0.75  mg/kg)  (A),  or  vehicle  (O).  Mean  body  weights  were  397  ±  6  g  {all-trans  -retinoic 
acid)  382  ±  10  (CGP12177)  and  426  ±  16  g  (vehicle).  Mean  baseline  oxygen 
consumption  values  were  13.7  ±  1.1,  11.2  ±  0.2,  and  13.4  ±  0.4  mymin/kgO-67  for  RA, 
CGP12177,  and  vehicle  treated  rats,  respectively.  Data  represent  means  of  8  rats  for  all- 
trans  -retinoic  acid  and  4  rats  for  CGP12177  and  vehicle.  Standard  error  of  mean  bars 
ranged  from  0.4  to  0.8  for  all-trans  retinoic  acid,  from  0.4  to  0.9  for  CGP12177,  and  from 
0.2  to  0.8  for  vehicle. 


in  BAT  and  PWAT  were  also  examined.  UCP2  is  another  mitochondrial  uncoupling 
protein  similar  to  UCPl,  but  showing  a  distribution  in  WAT  as  well  as  in  BAT.  In 
contrast  to  the  effects  on  UCPl  mRNA  levels  in  BAT,  RA,  CGP12177  or 
methylprednisolone  had  no  effects  on  levels  of  UCP2  mRNA  in  BAT  (Table  3-2).  In 
addition,  the  levels  of  UCP2  mRNA  in  PWAT  were  unchanged  upon  treatment  with  RA, 
CGP 1 2 1 77  or  methylprednisolone  (Table  3-2). 

Leptin  mRNA 

To  determine  whether  leptin  gene  expression  is  regulated  by  RA,  in  a  manner 
similar  to  that  by  63AR  agonists,  levels  of  leptin  mRNA  were  examined  in  PWAT  after  a 
single  dose  of  RA  (7.5  mg/kg,  ip).  Once  again,  the  effects  of  RA  on  leptin  mRNA  were 
compared  with  the  effects  of  CGP12177  (0.75  mg/kg,  ip),  methylprednisolone  (65  mg/kg, 
2  doses,  24  h  apart,  sc),  and  vehicle.  Levels  of  leptin  mRNA  were  examined  5  hours  after 
the  last  injection  in  all  treatment  groups.  Administration  of  RA  and  CGP12177  induced 
comparable  decreases  in  levels  of  leptin  mRNA  (21  ±  4  %  and  29  ±  2%,  respectively) 
(Fig  3-3).  In  contrast,  methylprednisolone  induced  a  61%  increase  in  levels  of  leptin 
mRNA  compared  with  controls.  There  were  no  changes  in  levels  of  6-actin  mRNA,  total 
protein  or  total  DNA  in  PWAT,  with  the  different  treatments  (Table  3-3).  The  levels  of 
leptin  mRNA  were  also  examined  in  epidydymal  WAT  (EWAT),  another  WAT  depot.  In 
contrast  to  the  effects  seen  in  PWAT,  leptin  mRNA  levels  in  EWAT  were  unchanged 
upon  treatment  with  RA  or  CGP12177  (Fig  3-4).  Methylprednisolone,  however,  induced 
a  81%  increase  in  levels  of  leptin  mRNA,  compared  with  controls,  similar  to  the 
induction  seen  in  PWAT. 

LPL  mRNA 

To  determine  whether  RA  administration  mimicked  the  effects  of  CGP12177  on 
gene  expression  of  LPL,  an  important  enzyme  in  lipid  metabolism,  levels  of  LPL  mRNA 


Table  3-2         '  .k  ^"r^ 

Levels  of  UCP2  mRNA  in  BAT  and  PWAT  following  administration  of  vehicle,  RA, 
methylprednisolone  (MP),  or  CGP12177 


IirP2  mRNA  Ipvpk 
in  BAT 

lirP2  mRNA  Ipvpk 
in  PWAT 

Vehicle 

100.0  ±7.6 

100  ±5.2 

RA 

97.6  ±  7.7 

98.9  ±  4.3 

MP 

96.3  ±  5.2 

91.7  ±3.2 

CGP12177 

91.7  ±7.3 

94.2  ±  3.6 

Animals  received  either  vehicle,  RA  (7.5  mg/kg),  methylprednisolone  (MP,  65 
mg/kg,  2  doses,  24  h  apart),  or  CGP12177  (0.75  mg/kg).  Tissues  were  collected  5  h  after 
treatment  with  vehicle,  RA,  or  CGP12177  or  MP.  Data  represent  mean  ±  SE  of  6-8  rats 
in  each  treatment  group.  UCP2  mRNA  levels  are  expressed  in  arbitrary  units/^g  RNA, 
with  the  level  in  vehicle  controls  set  to  100,  with  SE  adjusted  proportionally.  There  was 
no  statistical  difference  in  the  levels  of  UCP2  mRNA  in  BAT  and  PWAT  among  the  four 
treatment  groups. 


250 


VEHICLE  RA  MP  CGP12177 


Figure  3-3.  Effects  of  RA,  methylprednisolone  (MP)  or  CGP12177  on  leptin  raRNA 
levels  in  PWAT.  Animals  were  administered  either  vehicle,  all-trans  -retinoic  acid  (RA, 
7.5  mg/kg),  methylprednisolone  (MP,  65  mg/kg,  2  doses,  24  h  apart),  or  CGP12177  (0.75 
mg/kg).  Animals  were  sacrificed  5  h  post-injection.  (For  MP,  animals  were  sacrificed  5 
h  after  the  last  dose).  Data  represent  means  ±  SE  of  6-8  rats  in  each  treatment  group. 
Leptin  mRNA  levels  are  expressed  in  arbitrary  units/^g  RNA,  with  the  level  of  leptin 
mRNA  in  vehicle  controls  set  to  100  with  SE  adjusted  proportionally. 
*  P<  0.05  for  differences  from  control  rats  by  one-way  ANOVA. 


Table  3-3 

Levels  of  total  DNA,  total  protein  and  6-actin  mRNA  in  perirenal  WAT  (PWAT) 
following  administration  of  vehicle,  RA,  methylprednisolone  (MP),  or  CGP12177 


DNA 

Protein 

6-actin  mRNA 

(Hg/PWAT 

(mg/PWAT 

(arbitrary  units  /  \Lg  RNA) 

depot) 

depot) 

Vehicle 

132  ±14 

6.0  ±  0.3 

100  ±5.8 

RA 

179±  23 

7.0±0.9 

92.5  ±  5.6 

MP 

192±  32 

7.8  ±  1.0 

87.6  ±  10.5 

CGP12177 

163  ±  15 

6.7  ±0.8 

87.9  ±10.0 

Animals  received  either  vehicle,  RA,  (7.5  mg/kg),  methylprednisolone  (MP,  65 
mg/kg,  2  doses,  24  h  apart),  or  CGP12177  (0.75  mg/kg).  Tissues  were  collected  5  h  after 
treatment  with  vehicle,  RA,  or  COP  1 2 1 77  or  MP. 

Data  represent  mean  ±  SE  of  6-8  rats  in  each  treatment  group.  6-actin  mRNA 
levels  are  expressed  in  arbitrary  units/|J,g  RNA,  with  the  level  in  vehicle  controls  set  to 
100,  with  SE  adjusted  proportionally.  There  was  no  statistical  difference  in  the  levels  of 
total  DNA,  total  protein,  and  6-actin  mRNA  in  PWAT  among  the  four  treatment  groups. 
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Figure  3-4.  Effects  of  RA,  methylprednisolone  (MP)  or  CGP12177  on  leptin  mRNA 
levels  in  epidydymal  WAT.  Animals  were  administered  either  vehicle,  sill-trans  -retinoic 
acid  (RA,  7.5  mg/kg),  methylprednisolone  (MP,  65  mg/kg,  2  doses,  24  h  apart),  or 
CGP12177  (0.75  mg/kg).  Animals  v^^ere  sacrificed  5  h  post-injection.  (For  MP,  animals 
were  sacrificed  5  h  after  the  last  dose).  Data  represent  means  ±  SE  of  6-8  rats  in  each 
treatment  group.  Leptin  mRNA  levels  are  expressed  in  arbitrary  units/|ig  RNA,  with  the 
level  of  leptin  mRNA  in  vehicle  controls  set  to  100  with  SE  adjusted  proportionally. 
*  P<  0.05  for  differences  from  control  rats  by  one-way  ANOVA. 


were  assessed  in  BAT  and  PWAT  after  administration  of  a  single  dose  of  RA  (7.5  rag/kg, 
ip)  and  CGP12177  (0.75  mg/kg,  ip).  Changes  in  LPL  mRNA  levels  is  a  good  indicator  of 
LPL  enzyme  activity  (Robinson  et.al.,  1987).  LPL  mRNA  levels  in  BAT  were  increased 
by  96%  upon  administration  of  CGP12177;  RA,  however,  had  no  effect  on  LPL  mRNA 
levels  in  BAT  (Table  3-4).  In  PWAT,  LPL  mRNA  levels  were  unchanged  upon 
administration  of  either  RA  or  CGP12177  (Table  3-4).  In  contrast,  upon 
methylprednisolone  administration,  there  was  induction  of  LPL  mRNA  levels  in  both 
BAT  and  PWAT  (Table  3-4). 

Discussion 

RA,  upon  acute  administration,  increased  UCPl  mRNA  levels  in  BAT  and  suppressed 
leptin  mRNA  levels  in  PWAT.  These  effects  of  RA  paralleled  the  effects  of  the  63AR 
specific  agonist,  CGP12177  on  UCPl  and  leptin  gene  expression.  In  contrast,  whereas 
CGP12177  greatly  stimulated  oxygen  consumption,  there  were  no  acute  effects  of  RA  on 
whole  body  oxygen  consumption,  one  measure  of  BAT  thermogenesis. 

Upon  administration  of  a  single  dose  of  RA  to  vitamin-A  sufficient  rats,  there  was 
an  induction  of  UCPl  gene  expression,  in  5  h,  which  was  qualitatively  similar  to  that  seen 
with  the  63AR  specific  agonist,  CGP12177  (Scarpace  et  al.,  1996);  however,  UCPl  gene 
induction  following  administration  of  CGP12177  was  far  greater  than  that  seen  with  RA 
(360%  versus  70%,  respectively).  In  contrast,  neither  RA  nor  CGP12177  altered  the 
levels  of  B-actin  mRNA  levels  in  BAT.  Thus,  the  effects  of  RA  were  specific  on  UCPl 
gene  expression  and  paralleled  the  effects  of  CGP12177  qualitatively,  although  not 
quantitatively.  In  addition,  administration  of  methylprednisolone  resulted  in  the  expected 
decrease  in  the  levels  of  UCPl  mRNA,  providing  further  evidence  that  the  RA-induced 
increase  in  UCPl  gene  expression  was  specific.  This  effect  of  methylprednisolone  on 
UCPl  mRNA  was  similar  to  that  reported  earlier  (Moriscot  et  al.,  1993).  There  was  no 


Table  3-4 

Levels  of  LPL  mRNA  in  brown  adipose  tissue  (BAT)  and  perirenal  WAT  (PWAT) 
following  administration  of  vehicle,  RA,  methylprednisolone  (MP),  or  CGP12177 


LPL  mRNA  in  BAT 
(arbitrary  units  /  RNA) 

LPL  mRNA  in  PWAT 
(arbitrary  units  /  \ig  RNA) 

Vehicle 

100.0  ±8.5 

100  ±4.5 

RA 

106.8  ±9.2 

86.1  ±6.2 

MP 

149.6  ±7.2* 

124.7  ±2.9* 

CGP12177 

196.2  ±  23.7  * 

88.6  ±  5.3 

Animals  received  either  vehicle,  RA,  (7.5  mg/kg),  methylprednisolone  (MP,  65 
mg/kg,  2  doses,  24  h  apart),  or  CGP12177  (0.75  mg/kg).  Tissues  were  collected  5  h  after 
treatment  with  vehicle,  RA,  or  CGP12177  or  MP.  Data  represent  mean  ±  SE  of  6-8  rats 
in  each  treatment  group.  LPL  mRNA  levels  are  expressed  in  arbitrary  units/|ig  RNA, 
with  the  level  in  vehicle  controls  set  to  100,  with  SE  adjusted  proportionally. 

*p<0.05  for  differences  from  control  by  one-way  ANOVA. 


change  in  6-actin  mRNA  levels  in  BAT  or  PWAT  upon  methylprednisolone 
administration. 

The  results  indicating  an  RA-induced  increase  in  UCPl  gene  expression  were 
consistent  with  other  reports  (Alvarez  et  al.,  1995;  Puigserver  et  al.,  1996;  Rabelo  et  al., 
1996).  RA  has  been  reported  to  increase  UCPl  mRNA  levels  in  brown  adipocytes, 
differentiated  in  culture  (Alvarez  et  al.,  1995;  Rabelo  et  al.,  1996).  Another  study 
demonstrated  an  induction  of  UCPl  gene  expression  in  mice  upon  oral  administration  of 
RA  for  four  days  (Puigserver  et  al.,  1996).  The  UCPl  gene  is  under  complex  regulation. 
Although  catecholamines  are  the  primary  signal  for  UCPl  gene  induction  and  BAT 
therm ogenesis,  RA  may  play  an  important  role  as  a  secondary  signal,  in  a  manner  similar 
to  thyroid  hormone.  It  has  been  demonstrated  that  the  concurrence  of  norepinephrine  and 
thyroid  hormone  is  essential  for  the  full  response  of  UCPl  mRNA  (Bianco  et  al.,  1988; 
Silva  et  al.,  1988). 

The  observation  that  RA  increased  UCPl  gene  expression  without  stimulating 
whole  body  oxygen  consumption  suggests  that  RA  may  play  a  more  important  role  in  the 
recruitment  of  BAT  thermogenesis,  rather  than  the  acute  activation  of  BAT 
thermogenesis.  The  recruitment  process  includes  factors  that  collectively  increase  the 
total  thermogenic  capacity  of  the  tissue,  including  increased  expression  of  the  UCPl 
gene,  cell  proliferation,  and  mitochondriogenesis  (Nedergaard  et  al.,  1995).  Although 
RA  increased  UCPl  gene  expression,  there  were  no  changes  in  either  total  protein  or  total 
DNA  content  in  BAT  over  the  short  period  of  this  experiment.  However,  the  former 
observation  raises  the  possibility  that  RA  may  be  able  to  upregulate  the  capacity  for 
thermogenesis  in  circumstances  where  BAT  thermogenesis  is  impaired,  such  as  in 
senescence  (Scarpace  et  al.,  1992).  Furthermore,  RA  may  be  able  to  upregulate  the 
capacity  for  energy  expenditure  even  in  cases  of  normal  thermogenesis,  by  influencing 
the  recruitment  process. 


Leptin,  the  product  of  the  recently  cloned  ob  gene,  is  considered  to  play  an 
important  role  in  energy  balance  through  its  effects  on  food  intake  and  energy 
expenditure  (Meier  1995).  Studies  have  demonstrated  upregulation  of  leptin  gene 
expression  by  physiological  stimuli  such  as  feeding  (Trayhum  et  al.,  1995)  and  by 
hormones  such  as  insulin  and  glucocorticoids  (Saladin  et  al.,  1995;  De  Vos  et  al.,  1995), 
whereas  suppression  of  leptin  gene  expression  occurs  upon  cold  exposure  (Moinat  et  al., 
1995)  or  upon  in  vivo  administration  of  6-adrenergic  agonists  (Trayhum  et  al.,  1995). 
Further,  recent  data  suggest  that  the  sympathetic  suppression  of  leptin  gene  expression  is 
mediated  via  B3ARs  in  WAT  (Mantzoros  et  al.,  1996).  The  present  study  demonstrates  a 
decrease  in  leptin  mRNA  levels  by  the  63 AR  specific  agonist  CGP12177  in  PWAT, 
similar  to  other  reports  (Li  et  al.,  1997;  Mantzoros  et  al.,  1996;  Trayhum  et  al.,  1995). 
The  effects  of  RA  on  leptin  gene  expression  paralleled  the  effects  of  CGP12177;  and 
moreover,  the  degree  of  suppression  of  leptin  mRNA  levels  in  PWAT  with  RA 
administration  was  similar  to  that  with  the  63 AR  agonist,  CGP12177  (21%  versus  29%, 
respectively).  B3AR  agonists  are  the  only  known  negative  regulators  of  leptin  gene 
expression.  Thus,  the  inhibition  of  leptin  gene  expression  by  RA  and  to  a  similar  extent 
as  that  by  the  63  AR  agonist,  CGP12177  is  of  potential  interest.  63ARs  play  an  important 
role  in  the  regulation  of  energy  balance.  These  receptors  mediate  increased 
thermogenesis  in  BAT,  increased  lipolysis  in  WAT,  and  suppression  of  food  intake 
(Lowell  et  al.,  1997;  Himms-Hagen,  1989;  Mantzoros  et  al.,  1996).  In  contrast,  63ARs 
also  mediate  the  suppression  of  leptin  synthesis  (Mantzoros  et  al„  1996).  The  former  all 
contribute  to  an  increase  in  energy  expenditure,  whereas  the  latter  should  promote  the 
opposite,  including  feeding.  63AR  agonists  are  however,  antiobesity  agents  in  rats 
(Danforth  et.al.,  1997;  Umekawa  et.al.,  1997).  The  effects  of  RA  on  UCPl  and  leptin 
gene  expression,  as  shown  in  the  present  study  demonstrate  another  paradox.  The  effect 
of  RA  on  UCPl  gene  expression  is  believed  to  be  a  direct  effect  through  interaction  of 
activated  retinoic  acid  receptors  with  the  retinoic  acid-  response  element  on  UCPl  gene 


promoter  (Rabelo  et  al.,  1996;  Alvarez  et  al.,  1995).  The  exact  mechanism  by  which  RA 
suppresses  leptin  gene  is  unknown.  This  negative  regulation  of  leptin  gene  expression 
may  be  direct  and  mediated  by  the  binding  of  the  activated  receptors  to  the  cis-elements 
on  the  leptin  gene  promoter.  Alternatively,  the  inhibitory  effect  of  RA  on  leptin  mRNA 
levels  may  be  indirect,  through  one  or  more  components,  or  through  interference  with 
other  hormonal  signaling  pathways. 

The  enzyme  LPL  is  involved  in  the  assimilation  of  triglycerides  into  BAT  and 
WAT  (Auwerx  et  al.,  1992)  and  through  its  effects  on  fat  turnover,  is  involved  in  the 
regulation  of  energy  balance.  Upon  CGP12177  treatment,  there  was  an  upregulation  of 
LPL  mRNA  in  BAT  but  not  in  PWAT.  This  is  consistent  with  other  reports  showing 
upregulation  of  LPL  mRNA  levels  by  6-adrenergic  stimulation  in  BAT  (Auwerx  et  al., 
1992;  Trayhum  et  al.,  1995).  RA,  however,  had  no  effect  on  LPL  mRNA  levels  in  either 
BAT  or  PWAT.  Methylprednisolone  increased  LPL  mRNA  levels  in  BAT  and  PWAT. 

In  summary,  RA,  when  given  as  an  acute  dose  to  vitamin  A-sufficient  animals 
was  demonstrated  to  increase  UCPl  gene  expression  in  BAT  and  suppress  leptin  gene 
expression  in  PWAT.  RA  had  no  effects  on  LPL  mRNA  levels  in  BAT  or  PWAT.  These 
effects  of  RA  thus,  closely  mimicked  the  effects  of  the  63 AR  specific  agonist  CGP12177 
on  UCPl  and  leptin  gene  expression,  but  not  on  LPL  gene  expression.  The  involvement 
of  RA  in  positive  regulation  of  UCPl  mRNA  and  negative  regulation  of  leptin  mRNA 
suggested  a  definite  role  for  RA  in  energy  homeostasis. 


CHAPTER  4 

EFFECTS  OF  VITAMIN  A  SUPPLEMENTATION  IN  BROWN  ADIPOSE  TISSUE 
AND  IN  PERIRENAL  WHITE  ADIPOSE  TISSUE 

Background  and  Experimental  Design 

RA,  when  given  as  an  acute  dose,  increases  UCPl  gene  expression  in  BAT  and 
paradoxically,  suppresses  leptin  gene  expression  in  PWAT.  However,  RA  has  no  effects 
on  oxygen  consumption,  suggesting  that  it  does  not  play  a  role  in  the  acute  activation  of 
thermogenesis.  Based  on  these  contrasting  effects  on  leptin  and  UCPl  gene  expression, 
the  overall  effect  of  RA,  or  its  parent  compound  vitamin  A,  on  energy  balance  is  difficult 
to  predict.  It  is  possible  that  the  chronic  administration  of  RA,  through  induction  of 
UCPl  gene  expression  may  upregulate  the  capacity  for  energy  expenditure  in  BAT  and 
through  this  mechanism,  reduce  adiposity.  Alternatively,  the  chronic  administration  of 
RA,  or  its  parent  compound,  vitamin  A,  may  promote  adiposity,  through  suppression  of 
leptin  gene  expression.  Leptin  is  an  anti-obesity  agent  that  both  decreases  food  intake 
and  increases  energy  expenditure  (Meier  et  al,  1995;  Scarpace  et  al.,  1997).  63AR 
agonists  also  both  suppress  leptin  gene  expression  in  WAT  and  increase  UCPl  gene 
expression  in  BAT  (Mantzoros  et  al.,  1996;  Li  et  al.,  1997;  Scarpace  et  al.,  1997)  and 
these  compounds  are  anti-obesity  agents  in  rats  (Dansforth  et  al.,  1997). 

To  test  the  hypothesis  that  chronic  administration  of  vitamin  A,  has  anti-obesity 
effects,  5  month  old  vitamin  A  sufficient  F344/BN  rats  were  fed  a  diet  containing  a 
vitamin  A  source  equivalent  to  either,  8  mg  retinol  /  kg  diet  (normal  diet)  or  1 10  mg 
retinol  /  kg  diet  (vitamin  A  supplemented  diet)  for  a  period  of  8  weeks.  Food  and  water 
were  provided  ad  libitum.  Body  weights  and  food  intake  were  recorded  weekly.  Basal 
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whole  body  oxygen  consumption  was  measured  before  starting  the  diet  and  then  after 
weeks  3,  6  and  8  on  the  diet.  At  the  end  of  8  weeks,  half  the  rats  from  each  group  were 
challenged  with  a  single  dose  of  the  63  AR  specific  agonist,  CGP12177  (0.75  mg/kg,  ip) 
or  saline  (control).  The  CGP12177-stimulated  increase  in  whole  body  oxygen 
consumption  was  measured  and  the  animals  sacrificed  4  hours  after  injection.  Changes  in 
adiposity  were  assessed  by  calculation  of  the  adiposity  index.  In  addition,  other 
parameters  of  energy  homeostasis  including  levels  of  UCPl  mRNA  in  BAT,  leptin 
mRNA  in  PWAT  and  UCP2  mRNA  in  BAT  and  PWAT  were  measured.  B3AR  mRNA 
levels  in  BAT  and  PWAT  and  serum  leptin  levels  were  also  measured. 

Results 

Weight  gain.  Food  intake.  Body  fat  and  Vitamin  A  status 

At  the  end  of  the  8  week  period  on  the  normal  or  vitamin  A  supplemented  diet, 
serum  and  liver  total  retinol  levels  were  determined  as  indicators  of  the  vitamin  A  status 
of  the  animals.  The  rats  fed  the  vitamin  A  supplemented  diet  developed  very  high  liver 
vitamin  A  stores  (Table  4-1).  On  average,  these  levels  were  10.8  times  greater  for  the 
supplemented  rats  than  the  rats  on  the  normal  diet.  This  relative  difference  was  nearly 
equal  to  the  13.75  fold  difference  in  the  vitamin  A  contents  of  the  normal  and 
supplemented  diets.  The  vitamin  A  supplemented  rats,  however,  did  not  show  any  of  the 
known  signs  of  vitamin  A  toxicity,  including,  depressed  growth,  occasional  bleeding 
from  the  nose,  or  partial  paralysis  of  the  legs  (Mallia  et.al.,  1975).  The  serum  retinol 
concentrations  were  however,  similar  in  both  the  dietary  groups  (Table  4-1).  The 
absorption,  storage,  release  and  transport  of  vitamin  A  to  the  target  tissue  is  tightly 
controlled  by  homesotatic  mechanisms  and  hence,  plasma  or  serum  levels  do  not  reflect 
vitamin  A  status,  unless  there  is  a  deficiency  or  toxicity  (Gerster  et.al.,  1997). 


Table  4-1 


Serum  and  Liver  Retinol  levels  in  rats  on  normal  diet  and 
vitamin  A  supplemented  diet 


Normal  diet 

Vitamin  A  supplemented 

Serum  retinol  (|Xg  retinol  /  dl) 

34±1 

32  ±1 

Liver  retinol  (^ig  retinol/g  tissue) 

498  ±  28 

5406  ±  163  * 

Animals  were  fed  either  a  normal  diet  (containing  8  mg  retinol  /  kg  diet)  or 
vitamin  A  supplemented  diet  (containing  110  mg  retinol  /  kg  diet)  for  8  weeks.  Data 
represent  means  ±  SE  of  15-16  rats  in  each  group  for  seum  retinol  and  8  rats  per  group  for 
liver  retinol. 


♦p  =  0.{X)01  for  difference  from  rats  fed  the  normal  diet  by  one-way  ANOVA, 


Food  (energy)  intake  was  also  unchanged  by  vitamin  A  supplementation  (Table  4-2). 
Pre-diet  and  post-diet  body  weights  and  the  change  in  body  weight  in  the  rats  on  the 
normal  and  vitamin  A  supplemented  diets  were  similar  (Table  4-2).  There  was  however  a 
significant  reduction  in  weights  of  two  WAT  depots,  PWAT  and  epidydymal  WAT 
(EWAT)  (Fig  4-1).  In  rats  on  the  vitamin  A  supplemented  diet,  there  was  a  17.5% 
reduction  in  the  weight  of  PWAT,  and  12%  reduction  in  the  weight  of  EWAT  (Fig  4-1). 
The  weight  of  the  retroperitoneal  WAT  (RTWAT),  a  third  WAT  depot  was  unchanged 
(Fig  4-1).  Overall,  there  was  a  modest  9%  but  highly  significant  decrease  in  the  adiposity 
index  [(sum  of  WAT  depots  divided  by  the  body  weight)  x  100],  in  the  rats  fed  the 
vitamin  A  supplemented  diet  (p=0.004)  (Fig  4-1).  There  were  also  no  changes  in  BAT 
weights  upon  vitamin  A  supplementation  (Table  4-2). 

Serum  leptin  levels  and  leptin  mRNA  levels  in  PWAT 

In  general,  serum  leptin  levels  reflect  body  fat  content.  Thus,  the  decrease  in 
adiposity  in  the  vitamin  A  supplemented  rats  would  be  expected  to  result  in  a 
corresponding  decrease  in  serum  leptin  levels.  Among  the  saline  treated  rats  (control), 
there  was  a  surprising  65%  decrease  in  serum  leptin  levels  in  rats  fed  the  vitamin  A 
supplemented  diet,  compared  with  the  rats  fed  the  normal  diet  (p=0.0001)  (Fig  4-2). 
Similarly,  among  CGP12177  treated  animals,  serum  leptin  levels  were  lower  in  rats  fed 
the  vitamin  A  supplemented  diet,  compared  with  normal  diet  (p=0.035)  (Fig  4-2). 

To  assess  if  the  decrease  in  serum  leptin  levels  was  associated  with  suppression  of 
leptin  mRNA  levels  upon  vitamin  A  supplementation,  leptin  mRNA  levels  in  PWAT 
were  compared  in  the  control  animals  on  the  supplemented  and  normal  diet.  There  was  a 
44%  suppression  of  leptin  mRNA  levels  per  unit  of  total  RNA,  in  PWAT,  upon  vitamin 
A  supplemention  (p=0.0006)  (Fig  4-3).  There  were  however  no  changes  in  the  levels  of  6 
actin  mRNA  in  the  saline  or  CGP12177  treated  animals  in  the  two  dietary  groups  (Table 
4-3). 


Table  4-2 

Food  intake  and  Body  weight  parameters  in  rats  on  normal  diet  and 
on  vitamin  A  supplemented  diet 


Normal  diet 

Vitamin  A  supplemented 

Food  intake  (grams/day) 

18.1  ±0.3 

18.1  ±0.4 

Pre-diet  body  weight  (grams) 

328  ±  6.0 

326  ±  5.0 

Post-diet  weight  (grams) 

390  ±8.0 

386  ±7.0 

Body  weight  gain  (grams) 

61.8±5.1 

59.3  ±  5.2 

BAT  weight  (mg) 

411  ±12 

430  ±  20 

Animals  were  fed  either  a  normal  diet  (containing  8  mg  retinol  /  kg  diet)  or 
vitamin  A  supplemented  diet  (containing  110  mg  retinol  /  kg  diet)  for  8  weeks.  Data 
represent  means  ±  SE  of  15-16  rats  in  each  group.  There  were  no  significant  differences 
between  rats  on  the  normal  or  vitamin  A  supplemented  diet  in  any  of  the  above 
param  teres. 
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■  Normal  Diet 

□  Vitamin  A  supplemented 


PWAT  (g)        RTWAT  (g)         EWAT  (g)     Adiposity  Index 

White  Adipose  Tissue 

Figure  4-1.  Changes  in  the  weights  of  perirenal  WAT  (PWAT),  retroperitoneal  WAT 
(RTWAT),  epidydymal  WAT  (EWAT)  and  Adiposity  index  upon  vitamin  A 
supplementation.  Animals  were  fed  either  a  normal  diet  (containing  8  mg  retinol  /  kg 
diet)  or  vitamin  A  supplemented  diet  (containing  1 10  mg  retinol  /  kg  diet)  for  8  weeks. 
Data  represent  means  ±  SE  of  15-16  rats  in  each  group. 

*p  =  0.005  (PWAT),  p  =  0.013  (EWAT),  or  p  =  0.004  (Adiposity  index)  for  differences 
from  rats  fed  the  normal  diet  by  one-way  ANOVA. 


Control  CGP-12177 


Figure  4-2.  Changes  in  serum  leptin  levels  upon  vitamin  A  supplementation  and 
administration  of  CGP12177  or  saline.  Animals  were  fed  either  a  normal  diet  (containing 
8  mg  retinol  /  kg  diet)  or  vitamin  A  supplemented  diet  (containing  110  mg  retinol  /  kg 
diet)  for  8  weeks.  At  the  end  of  8  weeks,  animals  were  challenged  with  a  single  dose  of 
CGP12177  (0.75  mg/kg,  ip)  or  saline  and  sacrificed  4  hours  later.  Data  represent  means 
±  SE  of  7-8  rats  in  each  group. 

*  p<0.001  for  difference  between  rats  on  normal  diet  and  vitamin  A  supplemented 
diet,  by  two-way  ANOVA.  By  post-hoc  analysis,  p=0.0001  for  differences  in  control 
(saline  treated)  rats  between  normal  and  vitamin  A  supplemented  diet;  p=0.035  for 
differences  between  normal  diet  and  vitamin  A  supplemented  diets  in  CGP12177  treated 
rats. 


120 


100 


< 

z 
cc 

z  ^ 

QC  (0 

El 

C  3 
Q.  >« 

(0 


Control  CGP-12177 

Figure  4-3.  Changes  in  leptin  mRNA  levels  in  PWAT  upon  vitamin  A  supplementation 
and  administration  of  CGP12177  or  saline.  Animals  were  fed  either  a  normal  diet 
(containing  8  mg  retinol  /  kg  diet)  or  vitamin  A  supplemented  diet  (containing  110  mg 
retinol  /  kg  diet)  for  8  weeks.  At  the  end  of  8  weeks,  animals  were  challenged  with  a 
single  dose  of  CGP12177  (0.75  mg/kg,  ip)  or  saline  and  sacrificed  4  hours  later.  Data 
represent  means  ±  SE  of  7-8  rats  in  each  group.  Levels  of  leptin  mRNA  are  expressed  in 
arbitrary  units/^g  RNA,  with  the  level  of  leptin  mRNA  in  control  rats  fed  the  normal  diet, 
set  to  100  with  SE  adjusted  proportionally. 

*  p=0.0002  for  difference  between  rats  fed  a  normal  and  vitamin  A  supplemented 
diets  by  two-way  ANOVA.  p=0.0006  for  difference  between  normal  and  vitamin  A  diets 
among  control  rats  by  post-hoc  analysis.  tp=  0.03  for  interaction  between  diet  and 
CGP12177  administration.  p=0.016  for  difference  between  CGP12177  administration 
and  control  rats  on  the  normal  diet  by  post-hoc  analysis. 


Table  4-3 


Levels  of  B  actin  mRNA  in  brown  adipose  tissue  (BAT)  and  perirenal  white  adipose 
tissue  (PWAT)  upon  vitamin  A  supplementation  for  8  weeks  and  subsequent 
administration  of  CGP 1 2 1 77  for  4  hours 


6  actin  mRNA  in  BAT  6  actin  mRNA  in  PWAT 
(arbitrary  units  /  pig  RNA)    (arbitrary  units  /  [Lg  RNA) 


Normal  diet 

Saline  treated 
CGP12177  u-eated 


100.0  ±9.9 
98.5  ±7.3 


100.0  ±4.7 
107.5  ±6.1 


Vitamin  A  supplemented 
Saline  treated 
CGP12177  treated 


94.2  ±  6.6 
93.8  ±7.9 


117.0  ±7.8 
113.6  ±4.9 


Animals  were  fed  either  a  normal  diet  (containing  8  mg  retinol  /  kg  diet)  or 
vitamin  A  supplemented  diet  (containing  1 10  mg  retinol  /  kg  diet)  for  8  weeks.  At  the 
end  of  8  weeks,  animals  were  challenged  with  a  single  dose  of  CGP12177  (0.75  mg/kg, 
ip)  or  saline  and  sacrificed  4  hours  later. 

Data  represent  means  ±  SE  of  7-8  rats  in  each  group.  6  actin  mRNA  levels  are 
expressed  in  arbitrary  units/^ig  RNA,  with  the  levels  of  6  actin  mRNA  in  control  rats  fed 
the  normal  diet,  set  to  100  with  SE  adjusted  proportionally.  There  was  no  statistical 
difference  in  the  levels  of  6  actin  mRNA  in  BAT  or  PWAT  upon  vitamin  A 
supplementation  or  upon  CGP12177  administration. 


To  determine  the  suppression  of  leptin  gene  expression  by  CGP12177  in  rats  fed  the 
normal  diet,  and  to  examine  if  the  suppression  of  leptin  gene  expression  by  dietary 
vitamin  A  supplementation  and  that  by  CGP12177  were  additive,  leptin  mRNA  levels 
were  compared  in  the  CGP12177  and  saline  treated  animals  (control)  in  the  two  dietary 
groups.  As  expected,  CGP12177  suppressed  leptin  mRNA  levels  by  27%  in  the  rats  on 
the  normal  diet  (Fig  4-3).  In  contrast,  in  rats  fed  the  vitamin  A  supplemented  diet, 
administration  of  CGP12177  had  no  further  suppression  on  leptin  mRNA  levels, 
compared  with  the  saline  treated  rats  (control)  on  the  same  diet  (Fig  4-3). 

Oxygen  consumption 

To  assess  if  there  was  enhanced  energy  expenditure  upon  vitamin  A 
supplementation,  basal  whole  body  oxygen  consumption  was  measured  before  starting 
the  diet  and  then  at  weeks  3,  6  and  8  after  starting  the  diet.  There  was  no  change  in  basal 
oxygen  consumption  between  the  two  dietary  groups  (normal  and  vitamin  A 
supplemented)  at  either  week  3, 6,  or  8  after  starting  the  diet  (Table  4-4).  To  determine  if 
there  was  an  upregulation  of  the  capacity  for  thermogenesis  upon  vitamin  A 
supplementation,  the  63AR  stimulated  increase  in  oxygen  consumption  was  measured  in 
the  rats  in  the  two  dietary  groups  at  the  end  of  8th  week  after  starting  the  diet.  Half  the 
animals  in  the  two  dietary  groups  were  administered  either,  saline  or  the  63AR  specific 
agonist,  CGP12177  and  the  change  in  oxygen  consumption  measured.  Upon 
admininistration  of  CGP12177  (0.75  mg/kg,  ip),  there  was  a  rapid  and  sustained  increase 
in  oxygen  consumption  in  rats  in  the  two  dietary  groups  (Fig  4-4)  (p<0.05).  The 
averaged  cumulative  peak  increase  in  the  CGP12177-stimulated  oxygen  consumption 
(calculated  as  the  average  increase  over  baseline  from  30  min  to  1 10  min,  post  injection) 
was  13.5  %  higher  in  the  rats  fed  the  vitamin  A  supplemented  diet  compared  with  the  rats 
on  the  normal  diet  (Fig  4-4)  (p<0.01).  There  were  no  noticeable  changes  in  the  level  of 
physical  activity  between  the  rats  in  the  two  dietary  groups. 


Table  4-4  *  -   =     ^    '  • 

Basal  whole  body  oxygen  consumption  over  8  weeks 


Oxygen  consumption 
(ml/min/kgO.67) 


Normal  diet 

Vitamin  A  supplemented 

Pre-diet 

12.710.6 

12.8  ±0.9 

Weeks 

11.0  ±0.1 

10.8  ±0.1 

Week  6 

10.6  ±  0.2 

10.4  ±0.1 

Weeks 

10.4  ±0.2 

10.22  ±  0.2 

Animals  were  fed  either  a  normal  diet  (containing  8  mg  retinol  /  kg  diet)  or 
vitamin  A  supplemented  diet  (containing  1 10  mg  retinol  /  kg  diet)  for  8  weeks.  Basal 
whole  body  oxygen  consumption  was  measured  before  starting  the  diet  and  after  3,6  and 
8  weeks  on  the  diet.  Average  oxygen  consumption  was  calculated  from  30  min  to  90 
min.  after  starting  the  measurements. 

Data  represent  means  ±  SE  of  15-16  rats  in  each  group  at  week  0  (before  starting 
the  diet)  and  at  week  8.  Data  represent  means  ±  SE  of  7-8  rats  in  each  group  at  week  3 
and  6.  There  were  no  significant  differences  between  the  basal  oxygen  consumption 
between  the  two  groups,  before  the  starting  the  diet  or  at  weeks  3,  6  or  8  after  starting  the 
diet. 
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Figure  4-4.  Increase  over  baseline  in  mass-independant  02  consumption  after 
administration  of  CGP12177.  Baseline  values  are  given  in  Table  4-4.  Animals  were  fed 
a  normal  diet  (8  mg  retinol  /  kg  diet)  or  vitamin  A  supplemented  diet  9110  mg  retinol  /  kg 
diet)  for  8  weeks.  Half  the  animals  were  challenged  with  a  single  dose  of  CGP12177 
(0.75  mg/kg,  ip).  Data  represent  means  of  6  rats  in  each  group.  Standard  errror  of  means 
ranged  from  0.7  to  1.2.  The  average  cumulative  increase  in  oxygen  consumption  over  the 
range  indicated  by  the  arrows  was  calculated  by  6.44  ±  0.08  (normal  diet)  and  7.31  ±  0.10 
(vitamin  A  supplemented  diet,  p=0.0001  by  one-way  ANOVA). 


UCPl  mRNA  levels  in  BAT 


The  effects  of  vitamin  A  supplementation  on  UCPl  mRNA  levels  in  BAT  were  assessed. 
There  was  a  31%  increase  in  the  UCPl  mRNA  levels  upon  vitamin  A  supplementation, 
similar  to  the  effects  of  an  acute  dose  of  RA  on  UCPl  mRNA  levels  (Fig  4-5).  To  assess 
if  there  was  an  increase  in  the  capacity  of  the  tissue  to  respond  to  63AR  stimulation,  upon 
vitamin  A  supplementation,  changes  in  UCPl  mRNA  levels  were  compared  in  the 
CGP12177  injected  animals  fed  the  vitamin  A  supplemented  and  normal  diets.  Upon 
administration  of  CGP12177,  as  expected,  there  was  a  significant  increase  in  UCPl 
mRNA  levels  in  both  the  dietary  groups  (Fig  4-5).  The  increase  in  UCPl  mRNA  levels 
by  the  dietary  vitamin  A  supplementation  and  CGP12177  were  additive.  There  were  no 
changes  in  the  levels  of  6  actin  mRNA  in  BAT  in  the  four  experimental  groups  (Table  4- 
3). 

UCP2  mRNA  levels  in  RAT  and  PWAT 

To  determine  if  changes  in  mRNA  levels  of  UCP2  could  have  also  contributed  to 
the  differences  in  CGP12177-stimulated  02  consumption  in  vitamin  A  supplemented 
animals,  UCP2  mRNA  levels  were  measured  in  BAT  and  PWAT.  There  was  no  change 
in  the  levels  of  UCP2  mRNA  in  PWAT  or  BAT  upon  vitamin  A  supplemention  {Table  4- 
5).  Furthermore,  treatment  with  CGP12177  had  no  effect  on  the  levels  of  UCP2  mRNA 
in  BAT  or  PWAT  in  the  two  dietary  groups. 

B3AR  mRNA  levels  in  PWAT  and  RAT 

To  determine  if  the  effects  of  vitamin  A  supplementation  on  leptin  mRNA  levels 
could  be  due  to  changes  in  63AR  expression,  63AR  mRNA  levels  were  measured  in 
PWAT  (Table  4-6).  There  was  no  change  in  B3AR  mRNA  levels  in  PWAT,  in  either 


57 


Normal  Vitamin  A 

Diet 


Figure  4-5.  Changes  in  UCPl  mRNA  levels  in  BAT  upon  vitamin  A  supplementation 
and  administration  of  CGP12177  or  saline.  UCPl  mRNA  levels  are  expressed  in 
arbitrary  units/^g  RNA,  with  the  levels  of  UCPl  mRNA  in  control  rats  fed  the  normal 
diet,  set  to  100  with  SE  adjusted  proportionally.  *p=0.0175  for  difference  between  rats 
fed  a  normal  and  vitamin  A  supplemented  diets  by  two-way  ANOVA.  Comparison 
between  individual  means  of  vitamin  A  supplemented  and  the  corresponding  means  of 
rats  on  the  normal  diet  were  not  different  by  post-hoc  analysis.  tp=0.0001  for  difference 
between  CGPI2177  administration  and  control  (saline  treated)  rats  by  two-way  ANOVA. 
p=0.0001  for  difference  between  CGP12177  administration  and  control  rats  on  the 
normal  or  vitamin  A  supplemented  diet  by  post  hoc  analysis. 
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Table  4-5 

Levels  of  UCP2  mRNA  in  BAT  and  PWAT  upon  vitamin  A  supplementation  and 
subsequent  administration  of  saline  or  CGP12177 

UCP2  mRNA  in  BAT  UCP2  mRNA  in  PWAT 

 (arbitrary  units  /  ^ig  RNA)  (arbitrary  units  /  RNA) 

Normal  diet 

Saline  treated           100.0  ±13.0  100.0  ±11 

CGP12 177  treated            93.4  ±12.2  109.0  ±10 

Vitamin  A  supplemented 

Saline  treated  103.0  ±5.2  110.0  ±14  ■ 

CGP12177  U-eated  94.0±8.9  110.0±10 


Animals  were  fed  either  a  normal  diet  (containing  8  mg  retinol  /  kg  diet)  or 
vitamin  A  supplemented  diet  (containing  1 10  mg  retinol  /  kg  diet)  for  8  weeks.  At  the 
end  of  8  weeks,  animals  were  challenged  with  a  single  dose  of  CGP12177  (0.75  mg/kg, 
ip)  or  saline  and  sacrificed  4  hours  later. 

Data  represent  means  ±  SE  of  7-8  rats  in  each  group.  UCP2  mRNA  levels  are 
expressed  in  arbitrary  units/^ig  RNA,  with  the  levels  of  UCP2  mRNA  in  control  rats  fed 
the  normal  diet,  set  to  100  with  SE  adjusted  proportionally.  There  was  no  statistical 
difference  in  the  levels  of  UCP2  mRNA  in  BAT  or  PWAT  upon  vitamin  A 
supplementation  or  upon  CGP12177  administration. 
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Table  4-6 

Levels  of  B3AR  mRNA  in  BAT  and  PWAT  upon  vitamin  A  supplementation 
for  8  weeks  and  subsequent  administration  of  saline  or  CGP12177 


63AR  mRNA  in  BAT  63AR  mRNA  in  PWAT 
(arbitrary  units  /     RNA)    (arbitrary  units  /  |ig  RNA) 


Normal  diet 

Saline  U-eated  100.0  ±4  100  ±  9.2 

CGP12177  U-eated  50.9  ±3.3*  105.0  ±6.0 


Vitamin  A  supplemented 

Saline  treated  104.0  ±  15.6  84  ±  13.1 

CGP12 177  treated  59.8  ±7.9*  112  ±11 


After  8  weeks  of  eating  either  a  control  (8  mg  retinol/kg  diet)  or  vitamin  A 
supplemented  diet  (1 10  mg  retinol  /  kg  diet),  half  the  animals  from  each  group  received 
either  a  single  dose  of  COP  12177  (0.75  mg/kg)  or  saline.  Tissues  were  collected  4  h 
after  treatment  with  COP  12177  or  saline. 

Data  represent  mean  ±  SE  of  7-8  rats  in  each  treatment  group.  63AR  mRNA 
levels  are  expressed  in  arbitrary  units/^ig  RNA,  with  the  level  in  vehicle  controls  set  to 
100,  with  SE  adjusted  proportionally.  *p=0.0001  for  difference  between  CGP12177 
administration  and  control  rats  by  two-way  ANOVA.  p=0.0001  (normal  diet)  and 
p=0.003  (vitamin  A  supplemented  diet)  for  difference  between  CGP12177  administration 
and  corresponding  control  rats,  by  post-hoc  analysis. 


of  the  dietary  groups,  upon  CGP12177  administration  (Table  4-6).  Levels  of  B3AR 
mRNA  in  BAT  also  remained  unchanged  upon  vitamin  A  supplementation.  However, 
upon  treatment  with  CGP12177  for  4  h,  there  was  a  40  -50  %  suppression  of  63 AR 
mRNA  levels  in  rats  fed  both  the  normal  and  supplemented  diets  (p<0.05)  (Table  4-6). 

Discussion 

Dietary  vitamin  A  supplementation  for  8  weeks  decreased  adiposity  in  5  month 
old  F344/BN  rats.  This  decrease  in  adiposity  was  associated  with  an  increase  in  UCPl 
gene  expression  and  a  decrease  in  a  leptin  gene  expression.  The  decrease  in  adiposity 
was  not  associated  with  any  change  in  food  consumption  suggesting  that  it  was  a  result  of 
a  redistribution  of  body  composition  or  an  increase  in  energy  expenditure.  Basal  levels  of 
whole  body  oxygen  consumption  were  unchanged  with  dietary  vitamin  A 
supplementation,  but  B3-adrenergic  stimulated  oxygen  consumption  was  greater  in  the 
rats  supplemented  with  vitamin  A  compared  with  those  on  a  normal  diet.  This  suggests 
that  the  capacity  for  nonshivering  thermogenesis  in  BAT  was  increased  in  the  vitamin  A 
supplemented  rats. 

Thermogenesis  in  BAT  is  mediated  by  norepinephrine  activation  of 
sympathetically  innervated  63ARS  (Scarpace  et.al.,  1994).  Our  demonstration  of  an 
increase  in  basal  UCPl  gene  expression  following  dietary  vitamin  A  supplementation 
suggests  an  upregulation  in  the  capacity  for  thermogenesis  in  BAT.  Furthermore,  the 
increase  in  63-adrenergic  stimulated  oxygen  consumption  suggests  that  an  increase  in 
energy  expenditure  may  be  contributing  to  the  decrease  in  adiposity  following  dietary 
vitamin  A  supplementation.  It  is  also  possible  that  RA,  the  active  metabolite  of  vitamin 
A,  may  have  an  apoptotic  effect  on  adipocytes  and  cause  their  deletion,  contributing  to 
the  decrease  in  adiposity  (Chawla  and  Lazar,  1994). 

In  addition  to  63AR  agonists,  leptin  is  another  agent  that  increases  thermogenesis 
in  BAT  (Scarpace  et.al.,  1997).  Leptin  administration  decreases  adiposity  by  reducing 


food  intake  and  increasing  energy  expenditure  (Pelleymounter  et.al.,  1995,  Scarpace 
et.al.,  1995).  Following  dietary  vitamin  A  supplementation,  the  most  dramatic  changes 
observed  were  decreases  in  both  serum  leptin  levels  and  leptin  gene  expression  in  PWAT. 
These  changes  were  not  consistent  with  either  the  decrease  in  adiposity  or  the  increase  in 
UCPl  gene  expression.  Moreover,  food  intake  was  unchanged  and  energy  expenditure 
was  increased  despite  the  fall  in  serum  leptin  levels.  The  leptin-induced  increase  in 
energy  expenditure  is  a  result  of  an  increase  in  sympathetic  nerve  activity  to  BAT 
(Haynes  et.al.,  1997)  resulting  in  an  increase  in  UCPl  gene  expression  (Scarpace  1997). 
However,  in  the  present  study,  despite  the  fall  in  serum  leptin  levels,  UCPl  gene 
expression  increased.  The  effect  of  vitamin  A  on  UCPl  gene  expression  is  most  likely  a 
direct  effect  mediated  through  interaction  of  its  active  metabolite,  RA  with  retinoic  acid 
receptors  which  in  turn  interact  with  retinoic  acid  response  element  (RARE)  in  the  UCPl 
promoter  region  (Rabelo  et.al.,  1996;  Alvarez  et.al.,  1995). 

The  salient  observations  upon  vitamin  A  supplementation,  viz.  decreased 
adiposity,  increased  UCPl  gene  expression  and  decreased  leptin  gene  expression  are 
similar  to  what  is  observed  following  administration  of  a  63AR  agonist  (Danforth  et.al., 
1997,  Li  et.al.,  1997,  Scarpace  et.al.,  1996).  63AR  agonists  suppress  leptin  gene 
expression  in  WAT  (Mantzoros  et.al.,  1996,  Li  et.al.,  1997),  greatly  enhance  UCPl  gene 
expression  in  BAT  (Scarpace  et.al,  1996)  and  decrease  adiposity  in  rats  (Dansforth  et.al., 
1997).  Thus,  one  possibility  is  that  the  effects  of  vitamin  A  supplementation  may  be 
mediated  by  enhanced  B3-adrenergic  responsiveness.  We,  however,  found  no  conclusive 
evidence  of  enhanced  63-adrenergic  reactivity  in  the  vitamin  A  supplemented  rats.  In 
BAT,  I33AR  receptor  gene  expression  was  unchanged  with  vitamin  A  supplementation. 
UCPl  gene  expression  was  elevated  in  vitamin  A  supplemented  rats  but  this  was  most 
likely  a  direct  result  of  RA,  an  active  metabolite  of  vitamin  A.  The  dietary  vitamin  A  and 
63 AR  agonist  induced  increase  in  UCPl  gene  expression  was  additive,  i.e.,  the 
incremental  increase  in  UCPl  gene  expression  following  CGP- 12177  stimulation  was  the 


same  in  rats  on  both  the  normal  and  vitamin  A  supplemented  diets.  In  WAT,  there  was 
also  no  change  in  B3AR  receptor  mRNA  levels  with  vitamin  A  supplementation. 
However,  the  suppression  of  leptin  gene  expression  by  the  vitamin  A  supplemented  diet 
could  be  the  result  of  enhanced  B3AR  reactivity.  Suppression  of  leptin  gene  expression 
in  PWAT  by  the  vitamin  A  supplementation  and  by  63AR  agonist  administration  were 
not  additive.  In  fact,  in  the  vitamin  A  supplemented  rats,  there  was  no  further  decrease  in 
leptin  gene  expression  with  CGP-12177  administration.  This  suggests  that  the  two 
treatments  share  a  common  mechanism  or  that  with  vitamin  A  supplementation,  the  leptin 
gene  expression  is  suppressed  to  maximum  extent  possible  and  that  further  suppression 
by  63AR  stimulation  is  ineffective.  Basal  whole  body  oxygen  consumption  was  also 
unchanged  by  the  vitamin  A  supplemented  diet;  however,  63AR-stimulated  oxygen 
consumption  was  increased.  The  latter  could  represent  enhanced  63-adrenergic  function 
or  could  reflect  the  vitamin  A-induced  increase  in  UCPl  gene  expression.  It  is  also 
possible  that  increases  in  levels  or  activity  of  other  uncoupling  proteins,  including  UCP2 
in  BAT  and  WAT  and/or  UCP3  in  BAT  may  contribute  to  the  enhanced  63AR-stimulated 
oxygen  consumption  in  the  supplemented  rats.  Levels  of  UCP2  mRNA  were  however 
seen  to  be  unchanged  upon  vitamin  A  supplementation.  Collectively,  these  data  suggest 
that  the  effects  of  vitamin  A  on  adiposity,  UCPl  and  leptin  gene  expression  are  not  due  to 
increases  in  endogenous  stimulation  of  B3AR  receptors,  but  that  the  increased  oxygen 
consumption  in  response  to  CGP-12177  and  the  failure  of  this  B3AR  agonist  to  suppress 
leptin  gene  expression  in  the  vitamin  A  supplemented  rat  may  involve  altered  63- 
adrenergic  signal  transduction  in  BAT  and  PWAT. 

The  decrease  in  adiposity  with  vitamin  A  supplementation  was  highly  significant 
but  a  modest  9%.  Even  this  amount  of  decrease  was  surprising  considering  these  were 
young  lean  F-344  x  BN  rats  that  are  not  prone  to  obesity  at  this  age.  More  surprising,  is 
that  this  decrease  in  adiposity  was  despite  the  greater  than  65%  decrease  in  serum  leptin 
levels.  Moreover,  food  intake  was  unchanged.  This  suggests  that,  at  least  in  these  rats. 


leptin  may  not  be  the  primary  regulator  of  food  intake  or  energy  expenditure  under  these 
conditions.  At  the  present  time,  retinoic  acid  response  elements  have  not  been  identified 
on  the  leptin  gene  promoter.  The  effect  of  vitamin  A  or  its  metabolite,  RA  on  leptin 
mRNA  levels  may  be  a  direct  suppression  of  leptin  gene  expression  or  the  suppression 
may  be  indirect,  mediated  by  one  of  the  regulators  of  leptin  gene  expression.  However, 
vitamin  A  supplementation  may  provide  a  convenient  method  to  reduce  serum  leptin 
levels  under  conditions  where  it  is  abnormally  elevated.  Both  obesity  and  the  increase  in 
body  weight  with  aging  are  associated  with  elevated  levels  of  serum  leptin  and  leptin 
resistance.  Moreover,  the  increased  levels  of  leptin  with  obesity  may  be  contributing  to 
the  diabetes  caused  by  obesity  (Taylor  1996).  Recent  studies  have  indicated  that  leptin 
may  impair  insulin  action.  Leptin  inhibits  the  basal  and  glucose  mediated  insulin 
secretion  from  isolated  pancreatic  islets  of  both  normal  rats  and  ob/ob  mice  (Emilsson 
1997,  Pallet  1997).  Leptin  also  impairs  the  metabolic  action  of  insulin  in  isolated  rat 
adipocytes  including  glucose  transport  and  lipogenesis  (Miiller  1997).  A  recent  study 
indicated  that  leptin  inhibits  insulin  signal  transduction  in  human  hepatic  cells  (Ghilardi 
1996).  However,  this  inhibition  could  not  be  duplicated  in  a  hepatic  cell  line  transfected 
with  the  leptin  receptor  (Wang  1997).  Thus,  the  elevated  leptin  levels  in  obese 
individuals  may  be  harmful.  Vitamin  A  supplementation  may  be  one  method  to  restore 
both  leptin  and  insulin  responsiveness  under  conditions  of  obesity  and  elevated  serum 
leptin  levels. 

In  summary,  dietary  vitamin  A  supplementation  decreases  adiposity,  increases  63- 
adrenergic  stimulated  oxygen  consumption  and  UCPl  gene  expression  in  BAT,  and 
suppresses  leptin  gene  expression  and  serum  leptin  levels.  These  data  suggest  that 
dietary  vitamin  A  supplementation  has  a  potential  role  as  an  anti-obesity  treatment  or  as 
one  method  to  lower  abnormally  elevated  serum  leptin  levels 


CHAPTERS 

ALTERED  ENERGY  HOMESTASIS  WITH  AGING 
EFFECTS  OF  VITAMIN  A  SUPPLEMENTATION  IN  AGED  RATS. 

Background  and  Experimental  Design 

Regulation  of  energy  balance  or  energy  homeostasis  involves  a  complex  control 
of  energy  (food)  intake  and  energy  expenditure  and  is  characterized  by  several  redundant 
loops  including  positive  and  negative  feedback  loops  interconnecting  the  hypothalamus, 
WAT  and  BAT.  Aging  is  often  associated  with  impairment  in  energy  homeostasis.  An 
impairment  of  thermoregulation  with  age  has  been  demonstrated  in  rodents  (McDonald 
et.al.,  1988;  Scarpace  et.al.,  1992).  Increased  adiposity  may  also  be  a  result  of  an 
impairment  in  energy  homeostatic  mechanisms.  There  is  a  steady  increase  in  adiposity 
with  age,  into  early  senescence  (Epstein  and  Higgins,  1992).  In  rodents,  the  increase  in 
adiposity  with  age  is  associated  with  an  increase  in  leptin  mRNA  levels  in  WAT  depots, 
as  well  as  an  increase  in  serum  leptin  levels  (Ahren  et.al.,  1997;  Li  et  al.,  1997a). 
However,  the  increase  in  leptin  mRNA  levels  and  serum  leptin  levels,  with  age  is  far 
greater  than  would  be  predicted  based  on  a  liner  relationship  with  adiposity  (Li  et.al., 
1997a).  Morevoer,  inspite  of  the  increase  in  serum  leptin,  food  intake  has  been 
demonstrated  to  be  unchanged  between  6  and  24  months  of  age,  suggesting  the 
development  of  leptin  resistance  with  age  (Li  et.al.,  1997a).  One  component  of  the  leptin 
resistance  with  age  may  be  due  to  the  elevated  serum  leptin  levels  with  age.  Thus, 
increased  adiposity  would  lead  to  increased  leptin,  which  in  turn  would  desensitize  leptin 
responsiveness,  and  in  turn  result  in  leptin  resistance.  The  leptin  resistance  would  lead  to 
a  further  increase  in  adiposity,  a  subsequent  increase  in  leptin  synthesis,  and  so  on, 
leading  eventually  to  a  leptin  resistance  downward  spiral.  It  is  possible  that  it  is  this  age- 
(or  adiposity)  induced  downward  spiral  that  contributes  both  to  leptin  resistance  and  to 
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the  component  of  increased  leptin  gene  expression  with  age  that  is  independent  of  the 
increased  adiposity  with  age.  Factors  which  disrupt  this  downward  spiral,  such  as 
reducing  serum  leptin  levels  may  restore  leptin  responsiveness  and  may  even  reduce 
adiposity. 

Dietary  vitamin  A  supplementation  for  8  weeks  suppressed  leptin  gene 
expression,  lowered  serum  leptin  levels  and  decreased  adiposity  in  young  (6  mo)  rats 
(Chapter  4).  We  hypothesized  that  in  older  rats  with  both  elevated  leptin  and  excess 
adiposity,  i.e.,  leptin  resistance,  dietary  vitamin  A  supplementation  would  also  decrease 
serum  leptin  and  thereby,  restore  leptin  responsiveness  and  reduce  adiposity. 

To  test  this  hypothesis,  i.e.,  to  test  the  effectiveness  of  vitamin  A  as  a  tool  to 
reduce  elevated  serum  leptin  levels  such  as  those  seen  with  an  increase  in  age,  23  month 
old  (aged)  vitamin  A  sufficient  F344/BN  rats  were  fed  a  diet  containing  a  vitamin  A 
source  equivalent  to  either,  8  mg  retinol  /  kg  diet  (normal  diet)  or  1 10  mg  retinol  /  kg  diet 
(vitamin  A  supplemented  diet)  for  a  period  of  8  weeks.  At  the  same  time,  3  mo  old 
vitamin  A  sufficient  F344/BN  rats  were  also  fed  either  a  normal  or  a  vitamin  A 
supplemented  diet.  Food  and  water  were  provided  ad  libitum.  Food  intake  was  measured 
three  times  a  week  and  body  weights  were  recorded  weekly.  Changes  in  adiposity  were 
measured  by  calculating  the  adiposity  index.  Levels  of  leptin  mRNA  in  PWAT  and 
serum  leptin  levels  were  measured. 

The  young  rats  were  3  month  old  at  the  beginning  and  5  month  old  at  the  end  of 
the  study;  these  rats  will  be  referred  to  as  4  month  rats.  The  old  rats  were  23  month  at  the 
beginning  and  25  month  old  at  the  end  of  the  study;  these  rats  will  be  referred  to  as  24 
month  rats.  In  the  earlier  study  (Chapter  4),  rats  were  5  month  old  at  the  beginning  and  7 
month  old  at  the  end  of  the  study;  these  rats  will  be  referred  to  as  6  month  old  rats. 


Results 

-      ■  '    :      -  .} 

Weight  gain  and  Food  intake 

After  8  weeks  on  the  diet,  there  was  an  increase  in  weight  in  the  4  and  24  month 
old  rats  in  the  two  dietary  groups  (Table  5-1).  For  purposes  of  comparison,  the  effects  of 
vitamin  A  supplementation  on  food  intake  and  weight  gain  in  6  month  old  animals 
(Chapter  4)  have  also  been  included  in  Table  5-1.  The  6  month  and  24  month  old  rats,  on 
the  normal  or  vitamin  A  supplemented  diets,  gained  a  similar  amount  of  weight  over  8 
weeks;  in  contrast,  the  weight  gain  in  the  4  month  old  rats  was  about  two  fold  higher  than 
the  weight  gain  in  either  the  6  or  the  24  month  old  rats  (p=0.(X)l)  (Table  5-1).  There  was 
however,  no  effect  of  diet  on  the  weight  gain  in  the  4,  6,  or  24  month  rats  (Table  5-1). 
The  average  daily  food  intake  in  the  4  month  rats  was  marginally  but  significantly  less 
than  the  average  daily  food  intake  in  either  the  6  or  24  month  rats  (Table  5-1)  The  6  and 
24  month  rats  consumed  a  similar  amount  of  food  every  day.  Vitamin  A  supplementation 
had  no  effect  on  food  intake  in  each  age  group  (Table  5-1). 

Tissue  weights  and  adiposity  index 

The  effects  of  vitamin  A  supplementation  on  the  three  WAT  depots  in  the  4  and 
24  month  rats  are  presented  in  Figure  5-1  and  Figure  5-2,  respectively.  Upon  vitamin  A 
supplementation,  there  was  a  small  decrease  in  the  weights  of  PWAT  and  EWAT  depots 
in  the  4  month  and  24  month  rats  (Fig  5-1  and  Fig  5-2).  The  decrease  in  WAT  depot  size 
was  similar  (PWAT)  or  not  as  great  (EWAT)  as  that  observed  in  the  6  month  old  rats  fed 
the  vitamin  A  supplemented  diet  (Chapter  4,  Fig  4-1).  The  weight  of  RTWAT,  a  third 
WAT  depot  was  unchanged  upon  vitamin  A  supplementation  in  the  two  age  groups  (Fig 
5-1  and  Fig  5-2).  There  was  a  significant  effect  of  age  on  the  weights  of  each  of  the  three 
WAT  depots  (PWAT,  EWAT  and  RTWAT).  All  three  WAT  depots  were  significantiy 
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In  4  month  old  rats 

Figure  5-1.  Changes  in  the  weights  of  PWAT,  RTWAT,  and  EWAT  upon 
vitamin  A  supplementation  in  4  month  old  rats.  Animals  were  fed  either  a  normal  diet 
(containing  8  mg  retinol  /  kg  diet)  or  vitamin  A  supplemented  diet  (containing  1 10  mg 
retinol  /  kg  diet)  for  8  weeks.  Data  represent  means  ±  SE  of  8  rats  in  each  group. 

t  p<0.009  for  differences  between  rats  on  normal  and  vitamin  A  supplemented 
diets  by  one-way  ANOVA. 


PWAT  (g)  EWAT  (g)  RTWAT  (g) 


In  24  month  old  rats 


Figure  5-2.  Changes  in  the  weights  of  PWAT,  RTWAT,  and  EWAT  upon 
vitamin  A  supplementation  in  24  month  old  rats.  Animals  were  fed  either  a  normal  diet 
(containing  8  mg  retinol  /  kg  diet)  or  vitamin  A  supplemented  diet  (containing  1 10  mg 
retinol  /  kg  diet)  for  8  weeks.  Data  represent  means  ±  SE  of  8  rats  in  each  group. 

There  were  no  statistical  differences  in  weights  of  the  three  WAT  depots  with  diet 


larger  in  the  24  month  rats  compared  with  the  4  month  rats;  this  was  reflected  in  the 
increase  in  adiposity  index  [(sum  of  three  WAT  depots  divided  by  the  body  weight)  x 
100],  with  age  (Fig  5-3).  For  purposes  of  comparison,  the  data  on  the  adiposity  index  in 
6  month  animals  (Chapter  4)  have  also  been  presented  in  Figure  5-3.  There  was  a 
significant  age-related  increase  in  the  adiposity  index  (Fig  5-3).  Vitamin  A 
supplementation  also  had  a  significant  effect  on  the  adiposity  index  (Fig  5-3).  There  was 
a  non-significant  10.6  %  decrease  in  the  adiposity  index  in  the  4  month  rats,  a  significant 
9%  decrease  in  the  6  month  rats  and  a  non-significant  5.3%  decrease  in  the  24  month  rats, 
upon  vitamin  A  supplemention  (Fig  5-3). 

Serum  leptin  levels 

One  of  the  main  effects  of  dietary  vitamin  A  supplementation  in  6  month  old 
animals  (which  have  relatively  low  serum  leptin  levels)  was  a  50%  suppression  of  serum 
leptin  levels  (Chapter  4  and  Fig  4-2).  Older  rats  have  elevated  serum  leptin  levels.  The 
age-related  increase  in  serum  leptin  levels  is  presented  in  Figure  5-4.  For  purposes  of 
comparison,  serum  leptin  levels  in  6  month  old  animals  (Chapter  4)  have  also  been 
presented  in  Figure  5-4.  Compared  with  leptin  levels  in  the  4  month  animals,  there  is  a 
significant  1.5  fold  and  a  3.5  fold  increase  in  leptin  levels  in  the  6-month  and  24  month 
old  animals,  respectively. 

Upon  vitamin  A  supplementation,  there  was  a  decrease  in  serum  leptin  levels  in 
each  of  the  three  age  goups  (Fig  5-4).  The  decrease  in  serum  leptin  levels  with  vitamin  A 
supplementation  was  greatest  (50%)  in  the  6  month  rats;  there  was  a  22%  decrease  in 
levels  in  the  24-month  rats  but  only  a  statistically  non-significant  13.8%  decrease  in  the  4 
month  rats  (Fig  5-4).  Although  dietary  vitamin  A  suppressed  the  elevated  serum  leptin 
levels  in  the  24-month  group  significantly,  the  levels  were  still  elevated,  compared  with 
the  4-  or  6-month  old  controls. 


4  month  6  month  24  month 

AGE 


Figure  5-3.  Changes  in  adiposity  index  upon  vitamin  A  supplementation  in  4-,  6-, 
and  24-  month  old  rats.  Animals  were  fed  either  a  normal  diet  (containing  8  mg  retinol  / 
kg  diet)  or  vitamin  A  supplemented  diet  (containing  1 10  mg  retinol  /  kg  diet)  for  8  weeks. 
Data  represent  means  ±  SE  of  8  rats  in  4-  and  24-month  age  group,  and  16  rats  in  the  6- 
month  age  group. 

♦  p=0.0001  for  differences  with  age  as  the  main  effect  by  two-way  ANOVA.  (post  hoc 
tests,  considering  normal+  vitamin  A  supplemented  diets  :  6  vs  4  month,  p<:0.0001;  24  vs 
6  month,  p<0.001;  24  vs  6  month,  p<0.003).  f  p=0.0001  for  differences  with  diet  by  two- 
way  ANOVA.  (post  hoc  tests:  p=0.0045  for  difference  between  normal  and  vitamin  A 
diets  among  6  month  rats). 
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Figure  5-4.  Changes  in  serum  leptin  levels  upon  vitamin  A  supplementation  in  4-, 
6-,  and  24-  month  old  rats.  Animals  were  fed  either  a  normal  diet  (containing  8  mg 
retinol  /  kg  diet)  or  vitamin  A  supplemented  diet  (containing  1 10  mg  retinol  /  kg  diet)  for 
8  weeks.  Data  represent  means  ±  SE  of  8  rats  in  4-  and  24-month  age  group,  and  16  rats 
in  the  6-month  age  group. 

*  p=0.0001  for  differences  with  age  as  the  main  effect  by  two-way  ANOVA. 
(post  hoc  tests:  24  vs  4  month,  p<0.0001;  24  vs  6  month,  p<0.0001)t  p=0.0(X)l  for 
differences  with  diet  by  two-way  ANOVA.  post  hoc  tests:  p=0.0001  for  difference 
between  normal  and  vitamin  A  diets  among  6  month  rats;  p=0.0{)67  for  difference 
between  normal  and  vitamin  A  diets  among  24  month  rats). 


Leptin  mRNA  levels  in  PWAT 

As  expected,  there  was  a  significant  age-related  increase  in  leptin  mRNA  levels, 
which  were  elevated  by  62%  in  the  24  versus  4  month  rats  on  the  normal  diet  (Fig  5-5). 
Leptin  mRNA  levels  in  the  4  month  rats  were  surprisingly  unchanged  upon  vitamin  A 
supplementation  (Fig  5-5).  In  contrast,  in  the  24  month  rats,  there  was  a  16%  suppression 
of  leptin  mRNA  levels  upon  vitamin  A  supplementation.  The  levels  of  fi  actin  mRNA 

were  unchanged  in  the  4  and  24  month  animals  fed  the  normal  or  vitamin  A 

■  ■  ,  ■  »<.  f- 

supplemented  diets  (Table  5-2) 

Discussion 

The  ability  of  vitamin  A  supplementation  for  8  weeks  to  reduce  the  elevated 
serum  leptin  levels  was  examined  in  aged  (24  month  old  rats).  The  effects  of  vitamin  A 
supplementation  on  serum  leptin  levels,  adiposity,  and  leptin  mRNA  levels  in  PWAT  in 
24  month  (aged)  rats  were  qualitatively  similar  to  the  effects  in  6  month  (mature)  rats,  but 
severly  blunted  in  magnitude.  In  4  month  old  rats,  there  were  no  effects  of  vitamin  A 
supplementation  on  serum  leptin  levels  and  leptin  mRNA  levels.  However,  there  was  a 
marginal  although  non-significant  decrease  in  adiposity  in  4  month  rats. 

Similar  to  the  effects  in  6  month  old  animals,  dietary  vitamin  A  supplementation 
for  8  weeks  resulted  in  a  lowering  of  serum  leptin  levels  in  the  24  month  (aged)  rats. 
However,  whereas  the  serum  leptin  levels  in  6  month  old  rats  were  lowered  by  greater 
than  50%,  there  was  only  a  22%  decrease  in  serum  leptin  levels  in  24  month  old  animals 
upon  vitamin  A  supplementation.  Moreover,  dietary  vitamin  A  was  unable  to  lower  the 
serum  leptin  levels  in  24  month  old  rats  to  control  levels  seen  in  6  month  old  animals. 
Dietary  vitamin  A  was  thus,  ineffective  at  reversing  the  age-related  increase  in  serum 
leptin  levels. 
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Figure  5-5.  Leptin  mRNA  levels  in  4  month  and  24  month  rats  upon  vitamin  A 
supplementation.  Animals  were  fed  either  a  normal  diet  (containing  8  mg  retinol  /  kg 
diet)  or  vitamin  A  supplemented  diet  (containing  1 10  mg  retinol  /  kg  diet)  for  8  weeks. 
Data  represent  means  ±  SE  of  7-8  rats  in  each  group.  Leptin  mRNA  levels  are  expressed 
in  arbitrary  units/|ig  RNA,  with  the  level  in  4  month  rats  on  normal  diet  set  to  100  with 
SE  adjusted  proportionally. 

*p<0.001  for  differences  with  age  by  two-way  ANOVA.  (post  hoc  tests: 
p<0.0001  for  differences  between  24  and  4  month  rats  on  normal  diet;  p<0.013  for 
differences  between  24  and  4  month  rats  on  vitamin  A  supplemented  diet). 


Table  5-2 


Levels  of  B  actin  mRNA  in  PWAT  upon  vitamin  A  supplementation 
in  4  month  and  24  month  old  rats 


6  actin  mRNA  in  4  month        6  actin  mRNA  in  24  month 


(arbitrary  units  /  ^ig  RNA)        (arbitrary  units  /  \ig  RNA) 


75 


Normal  diet 


100  ±7.6 


109  ±6.2 


Vitamin  A  supplemented 


106  ±7.2 


104±3.1 


4  mo  and  24  mo  old  animals  were  fed  either  a  normal  diet  (containing  8  mg 
retinol  /  kg  diet)  or  vitamin  A  supplemented  diet  (containing  1 10  mg  retinol  /  kg  diet)  for 
8  weeks.  Data  represent  means  ±  SE  of  8  rats  in  each  group.  6  actin  mRNA  levels  are 
expressed  in  arbitrary  units/^ig  RNA,  with  B  actin  mRNA  levels  in  4  month  rats  on 
normal  diet  set  to  100  with  SE  adjusted  proportionally. 

There  were  no  statistical  differences  between  4  month  and  24  month  rats  on 
normal  or  vitamin  A  supplemented  diet 


upon  vitamin  A  supplementation,  there  was  a  16%  decrease  in  leptin  mRNA 
levels  in  PWAT.  This  response,  when  compared  to  the  the  44%  decrease  in  leptin  mRNA 
levels  seen  in  the  6  month  rats  with  vitamin  A  supplementation  in  the  earlier  study, 
(Chapter  4)  is  blunted.  The  blunted  responses  of  serum  leptin  levels  and  leptin  mRNA 
levels  to  vitamin  A  supplementation  in  24  month  old  rats  are  suggestive  of  an  impaired 
responsiveness  of  24  month  old  animals  to  vitamin  A.  It  is  however,  equally  possible, 
that  the  leptin  homeostatic  mechanisms  are  impaired  severely,  with  age,  and  that  the 
leptin  resistance  cannot  be  effectively  reversed  upon  8  week  vitamin  A  supplementation. 

The  4  month  rats  are,  in  some  repects,  markedly  different  from  the  6  or  24  month 
rats.  At  4  months  of  age,  the  growth  of  these  rats  is  still  along  the  steep  slope  of  the 
growth/survivial  curve.  In  this  study,  this  is  reflected  by  the  higher  (two-fold)  weight 
gain  of  the  4  month  rats  as  compared  with  the  6  or  24  month  rats.  Moreover,  at  this  age, 
the  food  intake  is  also  lower  than  that  at  6  or  24  months.  The  4  month  rats  have  low 
adiposity,  low  serum  leptin  levels,  and  low  leptin  gene  expression.  In  4  month  old  rats, 
vitamin  A  supplementation  had  no  effects  on  serum  leptin  levels  and  leptin  mRNA  levels 
in  PWAT.  One  possibility  for  the  lack  of  effects  on  serum  leptin  levels  and  leptin  mRNA 
levels  is  that  the  levels  of  leptin  are  so  low  in  the  4  month  rats  that  further  suppression  by 
vitamin  A  is  ineffective. 

The  decrease  in  adiposity  with  vitamin  A  supplementation  was  similar  in  all  3  age 
groups.  There  was  a  10.4%  decrease  in  adiposity  index  in  4  month  old  animals,  9% 
decrease  in  6  month  old  animals  and  a  5.5%  decrease  in  adiposity  in  24  month  old 
animals.  A  significant  decrease  in  adiposity  was  demonstrated  only  in  the  6  month  age 
group.  However,  because  the  number  of  animals  in  the  6  month  age  group  was  twice  that 
of  either  the  4  or  the  24  month  age  group,  it  is  difficult  to  compare  the  effectiveness  of 
vitamin  A  supplementation  on  adiposity  in  the  different  age  groups. 

Based  on  the  results  from  this  study  and  from  Chapter  4,  it  was  observed  that 
there  was  a  distinct  and  significant  increase  in  adiposity  and  serum  leptin  levels  with  age. 


At  4  months  of  age,  the  rats  have  a  low  level  of  adiposity  and  low  levels  of  serum  leptin. 
Vitamin  A  supplementation  has  no  effects  on  serum  leptin  levels  but  decreases  adiposity 
by  about  10%.  By  6  months  of  age,  the  growth  of  rats  is  no  longer  along  the  steep  part  of 
the  curve,  but  there  is  an  increase  in  adiposity  and  serum  leptin  levels,  compared  with  4 
month  rats.  In  6  month  old  rats,  vitamin  A  supplementation  was  effective  in  reducing 
adiposity  but  most  effective  in  reducing  serum  leptin  levels  (50%).  By  24  months  of  age, 
the  levels  of  adiposity  and  serum  leptin  are  the  highest,  compared  with  either  younger  or 
older  rats  (Li  et.al.,  1997).  In  these  aged  rats,  vitamin  A  reduces  adiposity  by  13%, 
although  statistically  non-significant,  but  lowers  serum  leptin  levels  by  only  22%. 

In  conclusion,  the  ability  of  dietary  vitamin  A  to  reduce  serum  leptin  levels  may 
be  dependant  on  either  the  levels  of  serum  leptin  or  the  responsiveness  of  the  leptin 
homeostatic  mechanisms,  with  age.  Vitamin  A  supplementation  for  8  weeks  is  however, 
not  an  effective  tool  to  reverse  the  age-related  increase  in  serum  leptin  levels. 


CHAPTER  6 

EFFECTS  OF  CHRONIC  TREATMENT  WITH  THE  63AR  AGONIST,  CL3 16,243 

WITH  AGE 

Background  and  Experimental  Design 

Leptin  gene  expression  and  leptin  levels,  feeding  behaviour  and  adiposity  are 
interrelated  through  a  myriad  of  positive  and  negative  feedback  loops.  With  age,  there  is 
an  increase  in  adiposity  as  well  as  an  increase  in  leptin  mRNA  levels  per  unit  of  WAT 
and  elevated  serum  leptin  levels  (Li  et.al.,  1997a)  The  rate  of  increase  in  leptin  mRNA 
levels  in  WAT  and  serum  leptin  levels,  with  age,  is  greater  than  the  rate  of  increase  in 
adiposity,  suggesting  that,  with  age,  there  is  an  impairment  in  the  responsiveness  of  the 
homeostatic  mechanisms  to  the  leptin  signal,  i.e.  leptin  resistance  develops  (Li  et.al„ 
1997).  Leptin  gene  expression  and  synthesis  are  downregulated  by  B-adrenergic  agonists 
and  under  physiological  conditions  such  as  fasting  (Trayhum  et.al.,  1995;  Trayhum  et  al., 
1995a).  With  age,  there  is  an  impairment  in  the  fasting-induced  suppression  of  leptin 
gene  expression  and  serum  leptin  levels  (Li  et.al.,  1998).  The  vitamin  A  regulation  of 
leptin  gene  expression  is  also  impaired  with  age  (Chapter  5).  This  suggests  that  with  age, 
there  is  an  alteration  or  impairment  in  the  mechanisms  involved  in  the  downiegulation  of 
leptin  gene  expression  and  serum  leptin  levels. 

The  63-adrenergic  receptor  (63AR)  is  considered  to  be  important  player  in  the 
regulation  of  energy  balance;  stimulation  of  the  63AR  mediates  increased  thermogenesis 
in  BAT  and  lipolysis  in  WAT.  63AR  agonists  have  been  demonstrated  to  have  anti- 
obesity  effects  in  rodents  (Danforth  et  al.,  1990).  In  addition,  in  humans,  the  63AR  allele 
carrying  the  missense  mutation  (Trp64Arg)  has  been  associated  with  morbid  obesity 
(Clement  et.al.,  1995;  Yoshida  et.al.,  1995).  63ARs  mediate  the  suppression  of  leptin 
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gene  expression  in  WAT  and  lowering  of  serum  leptin  levels  (Himras-Hagen  et.  al., 
1998;  Mantzoros  et.al.,  1996;  Li  et.al.,  1997).  63AR  mediated  thermogenesis  and  63AR 
signal  transduction  is  impaired  with  age  in  BAT,  as  is  B3AR  mediated  lipolysis  and  63AR 
signal  transduction  in  WAT  (Fom  et.al.,  1970;  Nakano  et.al.,  1971;  Gettys  et.al.,  1995; 
Scarpace,  1997).  Thus,  it  is  possible  that  with  age,  there  is  an  impairment  in  the  63 AR 
mediated  suppression  of  leptin  gene  expression,  which  contributes  to  the  elevated  levels 
of  serum  leptin  and  leptin  mRNA  and  possibly,  leptin  resistance  with  age. 

We  hypothesized  that  the  63AR  mediated  regulation  of  leptin,  feeding  behaviour 
and  adiposity  is  impaired  with  age.  The  experimental  protocol  involved  administration  of 
the  63AR  agonist,  CL3 16,243  (CL)  as  an  infusion  using  osmotic  mini-pumps 
(Img/kg/day)  for  7  days,  to  young  (6  month)  and  old  (24  month)  rats.  Control  rats  from 
the  two  age  groups  received  an  infusion  of  saline.  Food  intake  was  measured  daily,  body 
weights  were  recorded  before  and  after  the  treatment.  All  animals  were  sacrificed  after  7 
days.  The  adiposity  index  was  determined  as  the  sum  of  three  WAT  depots  /  body  weight 
multiplied  by  100.  Levels  of  leptin,  LPL  and  B3AR  mRNA  in  PWAT  and  levels  of 
UCPl,  LPL  and  63AR  mRNA  in  BAT  were  measured.  Serum  leptin  levels  were  also 
determined. 

In  Chapter  3,  the  parallelism  between  the  acute  effects  of  RA,  the  active 
metabolite  of  vitamin  A,  and  a  63AR  agonist  were  examined  using  die  B3AR  agonist 
CGP12177.  CGP12177,  although  a  selective  agonist,  is  an  antagonist  at  BlARs  and 
62ARs  (Staehlin  etal.,  1983).  It  is  possible  Uiat  long  term  administration  of  CGP12177 
to  rats  may  result  in  undesirable  side-effects,  attributable  to  the  Bland  B2  AR  antagonistic 
properites  of  CGP12177.  To  avoid  this,  Uie  B3  selective  compund,  CL316,243  was  used. 
The  specuum  of  effects  on  B1,B2  and  B3  ARs  with  CL316,243  is  B2:62:B3  ::  0:0.1:10000 
(Umekawa  et.al.,  1997). 


Results 


Food  intake.  Weight  gain,  and  Body  fat 

Daily  food  intake  was  measured  by  the  difference  in  weight  between  the  amount 
of  food  provided  and  the  amount  remaining  after  a  24  hour  period.  The  time  course  of 
changes  in  daily  food  intake  upon  CL  treatment  in  young  and  old  rats  is  presented  in  Fig 
6-1  and  Fig  6-2,  respectively.  There  was  a  significant  effect  of  CL  treatment  on 
cumulative  food  intake  over  4  days  in  both  the  young  and  old  rats  (p=0.0001).  The  4  day 
cumulative  food  intake  was  decreased  by  27%  and  38%  in  CL-treated  young  and  old  rats, 
respectively,  compared  with  saline  treated  age-matched  controls.  Beginning  day  4,  the 
CL-treated  young  rats  consumed  as  much  food  as  their  saline  counterparts,  whereas  the 
CL-treated  old  rats  still  consumed  less  food  compared  to  saline  treated  old  rats,  until  day 
5.  There  was  a  significant  effect  of  CL  treatment  on  the  change  in  body  weight  (p=0.014) 
(Table  6-1).  Whereas  the  CL-treated  young  rats  lost  an  average  of  4.7  grams  over  7  days, 
the  CL-treated  old  rats  lost  an  average  of  13.3  grams  over  7  days  (Table  6-1).  There  was 
also  a  small  weight  loss  in  the  old  rats  treated  with  saline,  possibly  as  a  result  of  surgery, 
but  not  in  young  rats  treated  with  saline.  There  was  a  significant  effect  of  both  age  and 
treatment  on  the  weights  of  PWAT  and  RTWAT.  In  young  rats  treated  with  CL,  both 
PWAT  and  RTWAT  were  reduced  by  55%  whereas  in  the  old  rats  treated  with  CL, 
PWAT  was  reduced  by  20%  and  RTWAT  was  reduced  by  18.8%  (Table  6-1).  In  young 
and  old  rats,  there  was  no  effect  of  CL-treatment  on  weight  of  EWAT  (Table  6-1). 
Similar  to  the  two  other  WAT  depots,  PWAT  and  RTWAT,  the  weight  of  the  EWAT 
depot,  was  also  significantly  larger  in  the  old  rats  compared  with  the  young  rats  (Table  6- 
1).  There  was  a  significant  effect  of  both  age  and  treatment  on  the  adiposity  index 
[calculated  as  (the  sum  of  three  WAT  depots  divided  by  the  body  weight)  x  1(X)].  There 
was  an  increase  in  the  adiposity  index,  with  age  (1.54  in  young  control  rats  versus  2.05  in 
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Figure  6-1.7  day  time  course  of  changes  in  daily  food  intake  in  young  (6  month) 
rats  after  treatment  with  CL3 16,243.  Animals  were  implanted  with  subcutaneuous  mini- 
pumps  delivering  either  63 AR  agonist,  CL3 16,243  (1  mg/kg/day)  or  saline,  for  7  days. 
Data  represent  means  ±  SE  from  8  rats  in  each  group. 
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Figure  6-2.  7  day  time  course  of  changes  in  daily  food  intake  in  old  (24month) 
rats  after  treatment  with  CL3 16,243.  Animals  were  implanted  with  subcutaneuous  mini- 
pumps  delivering  either  B3AR  agonist,  CL316,243  (1  mg/kg/day)  or  saline,  for  7  days. 
Data  represent  means  ±  SE  from  8  rats  in  each  group. 
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Table  6-1 

Change  in  body  weight  and  Tissue  weights 


6  month  6  month  24  month  24  month 

 Control  CL3 16.243  Control  CL3 16.243 

Change    (A)    in    2.0  ±1.1         -4.7  ±2.5+         -0.15  ±7.0  -13.3  ±3.9 

weight 

PW AT  weight        1.0  ±0.05       0.4.  ±0.04+        1.9  ±0.27*  1.5±0.05* 
(ing) 

EW AT  weight        2.41  ±0.3        2.19  ±0.3         3.5  ±  0.64*        3.62  ±0.50* 
(in  g) 

RT  WAT  weight     2.63  ±0.1        1.18  ±0.1+        5.53  ±0.6*         4.49  ±0.1* 
(in  g) 

BAT  weight  441  ±  19.7       387  ±  15.7        657  ±35.6*        705  ±30.3* 

(in  mg) 

Young  (6month)  and  old  (24  month)  animals  were  treated  with  either  63AR 
agonist,  CL3 16,243  (1  mg/kg/day)  or  saline  for  7  days.  Data  represent  means  ±  SE  of  8 
rats  in  each  group. 

tp=0.015  (change  (A)  in  weight)  for  difference  with  treatment  as  the  main  effect, 
by  two  way  ANOVA.  p=0.03  for  difference  between  CL  and  saline  treatment  in  young 
(6month)  rats,  by  post-hoc  analysis.  *p=0.0001(PWAT,EWAT,RTWAT,BAT)  for 
difference  with  age  as  the  main  effect,  by  two-way  ANOVA.  By  post-hoc  analysis:  a) 
p=0.003  (PWAT),  p=0.001(EWAT),  p=0.0003  (RTWAT)  and  p=0.0001  (BAT)  for 
difference  between  conu-ol  (saline  treated)  old  rats  and  control  (saline  treated)  young  rats, 
b)  p=0.0001  (PWAT),  p=0.0001(EWAT),  p=0.001  (RTWAT)  and  p=0.0001  (BAT)  for 
difference  between  old  rats  and  young  rats,  upon  CL  treatment.  tp=0.0007  (PWAT), 
p=0.0004(RTWAT)  for  difference  with  treatment,  by  two-way  ANOVA.  By  post-hoc 
analysis,  p=0.0001  (PWAT  and  RTWAT)  for  difference  between  CL  and  saline  treatment 
in  young  (6  month)  rats. 


the  old  control  rats)  (p=0.012)  (Fig  6-3).  Upon  CL  treatment,  the  adiposity  index 
decreased  by  36.5%  in  the  young  rats  but  only  by  12.9%  in  the  old  rats  (Fig.  6-3). 

Serum  leptin  levels  and  leptin  mRNA  levels  in  PWAT 

Serum  leptin  levels  are  elevated  with  age,  to  an  extent  greater  than  would  be 
predicted  based  on  the  increase  in  adiposity  with  age,  suggesting  an  impairment  of 
suppression  of  leptin  expression  and  synthesis  (Li  et.al.,  1997a).  63AR  agonists  lower 
serum  leptin  levels  in  rodents.  The  ability  of  CL  to  lower  the  elevated  serum  leptin  levels 
in  the  old  rats  was  examined.  As  expected,  serum  leptin  levels  were  significantly  higher 
in  the  old  control  rats  compared  with  young  control  rats  (p=0.001)  (Fig  6-4).  Upon 
treatment  with  CL,  there  was  a  highly  significant  41%  suppression  of  serum  leptin  levels 
in  the  young  rats,  compared  with  saline  treated  controls  from  the  same  age  group. 
However,  in  the  old  animals,  upon  CL  treatment,  there  was  only  a  13%,  statistically  non- 
significant suppression  of  serum  leptin  levels  compared  with  saline  treated  controls  from 
the  same  age  group  (Fig  6-4). 

To  assess  if  there  is  an  impairment  in  the  suppression  of  leptin  gene  expression 
with  age,  the  effects  of  CL  on  leptin  gene  expression  were  examined  in  PWAT.  As 
expected,  there  was  a  significant  increase  in  leptin  mRNA  with  increase  in  age  viz 
between  6  month  and  24  month  rats  (p=0.012)  (Fig  6-5).  In  the  young  (6  month)  CL- 
treated  rats,  there  was  a  15%  suppression  of  leptin  mRNA  levels  compared  with 
corresponding  controls  (p=0.038)  (Fig.  6-5).  So  also,  CL-treatment  in  the  old  (24  month) 
rats  resulted  in  a  15%  suppression  of  leptin  mRNA  levels  (p=0.014)  (Fig  6-5).  There 
were  no  significant  changes  in  the  levels  of  6-actin  mRNA  in  PWAT  with  age  or 
treatment  (Table  6-2). 
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Figure  6-3.  Adiposity  index  after  treatment  with  CL  in  young  (6  mo)  and  old  (24 
mo)  rats.  Animals  from  both  age  groups  were  implanted  with  subcutaneuous  mini-pumps 
delivering  either  63 AR  agonist,  CL  (1  mg/kg/day)  or  saline,  for  7  days.  Data  represent 
means  ±  SE  from  8  rats  in  each  group. 

*p=0.0001  for  age  as  the  main  effect,  by  two-way  ANOVA.  By  post-hoc 
analysis,  p=0.008  (saline  treated  controls)  and  p=0.0001  (CL  treated)  for  differences 
between  young  (6  month)  and  old  (24  month)  rats.  t=0.(X)01  for  treatment  as  the  main 
effect,  by  two-way  ANOVA.  p=0.001  for  difference  between  CL  and  saline  treatment  in 
young  rats  and  p=0.011  for  difference  between  CL  and  saline  treatment  in  old  rats,  by 
post-hoc  analysis. 


Young  (6  month)  Old  (24  month) 


Figure  6-4.  Serum  leptin  levels  after  treatment  with  CL  in  young  (6  mo)  and  old 
(24  mo)  rats.  Animals  from  both  age  groups  were  implanted  with  subcutaneuous  mini- 
pumps  delivering  either  63 AR  agonist,  CL  (1  mg/kg/day)  or  saline,  for  7  days.  Data 
represent  means  ±  SE  from  8  rats  in  each  group. 

*p=0.0001  for  age  as  the  main  effect,  by  two-way  ANOVA.  p=0.0001  (CL 
treatment  and  saline  treatment)  for  differences  between  young  and  old  rats,  by  post-hoc 
analysis.  tp=0.008 1  for  difference  with  CL  treatment  as  the  main  effect,  by  two-way 
ANOVA.  p=0.0003  for  difference  between  CL  and  saline  treatment  in  young  (6  month) 
rats  by  post-hoc  analysis. 
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Figure  6-5.  Leptin  mRNA  levels  in  PWAT  after  treatment  with  CL  in  young  (6 
mo)  and  old  (24  mo)  rats.  Animals  from  both  age  groups  were  implanted  with 
subcutaneuous  mini-pumps  delivering  either  63 AR  agonist,  CL  (1  mg/kg/day)  or  saline, 
for  7  days.  Data  represent  means  ±  SE  from  8  rats  in  each  group.  Leptin  mRNA  levels 
are  expressed  in  arbitrary  units/|ig  RNA,  with  the  levels  in  saline  treated  young  rats  set  to 
100,  with  SE  adjusted  proportionally. 

*p=0.0002  for  differences  with  age  as  the  main  effect,  by  two-way  ANOVA. 
p=0.012  (saline  treatment)  and  p=0.004  (CL  treatment)  for  difference  between  young  and 
old  rats,  by  post-hoc  analysis.  tp=0.0012  for  difference  with  treatment  as  the  main 
effect,  by  two-way  ANOVA.  p=0.038  (young)  and  p=0.014  (old)  for  difference  between 
CL  and  saline  treatment,  by  post-hoc  analysis. 


Table  6-2 

Levels  of  6  actin  raRNA  in  BAT  and  PWAT  upon  7  day  treatment  with  CL  in  6  month 

and  24  month  old  rats 


6  actin  mRNA  in  BAT 

1  Q  i*rM  tfort?  iimtc  /  tin  P  N.T  A  i 

^^drDiLidry  uniio  /  i-ig 

6  actin  mRNA  in  PWAT 

1  o r'rM f foi^/  Iimtc  /  1 1  rr  DMA  i 

^arDiirdry  uniLS  /  (xg 

Young  (6  month) 

Saline  treated 

100.0  ±4.3 

100.0  ±  11.4 

CL  treated 

109.6  ±6.2 

101.4  ±12.8 

Old  (24  month) 

SaUne  treated 

106.4  ±  8.0 

119.9±  14.9 

CL  treated 

115.0  ±4.9 

115.1  ±9.2 

6  mo  and  24  mo  old  animals  were  treated  with  either  63AR  agonist,  CL  or  saline 
for  7  days.  Data  represent  means  ±  SE  of  8  rats  in  each  group.  B  actin  mRNA  levels  are 
expressed  in  arbitrary  units/M,g  RNA,  with  the  levels  in  saline  treated  young  rats  set  to 
100,  with  SE  adjusted  proportionally. 

There  were  no  statistical  differences  with  age  or  treatment  in  BAT  or  PWAT. 
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Changes  in  BAT  and  UCPl  mRNA  levels  in  BAT 

The  effects  of  CL  were  assessed  in  BAT  in  the  two  age  groups.  There  was  a 
significant  increase  in  weight  of  BAT  with  age  (p=0.0001)  (Table  6-1).  There  was  a 
small  but  statistically  non-significant  decrease  in  BAT  weights  in  young  rats,  upon  CL 
treatment.  In  contrast,  BAT  weights  in  the  old  rats  were  unaltered  with  CL  treatment 
(Table  6-1).  This  suggests  a  loss  of  lipid  stores  in  BAT  through  63AR-stimulation  of 
lipolysis  in  the  tissue,  in  the  CL-treated  young  rats,  but  not  in  the  CL-treated  old  rats. 

UCPl  mRNA  levels  in  BAT  were  measured  with  and  without  CL  treatment  in 
young  and  old  rats.  As  expected,  UCPl  mRNA  levels  were  unchanged  with  age  (Fig  6- 
6).  After  7  days  of  infusion  of  CL,  UCPl  mRNA  levels  were  induced  by  237%  in  young 
rats  and  by  210%  in  the  old-  rats,  compared  with  their  respective  controls  (p=0.(X)l)  (Fig 
6-6).  However,  the  induction  of  UCPl  mRNA  levels  in  the  old  rats  was  less  than  that  in 
the  young  rats  (p=0.014)  (Fig  6-6).  There  were  no  changes  in  the  levels  of  B-actin 
mRNA  in  BAT,  with  age  or  with  treatment  (Table  6-2). 

Total  protein  in  BAT  and  PWAT 

CL  treatment  induced  a  marked  hypertrophy  of  BAT  in  the  two  age  groups,  as 
indicated  by  an  increase  in  the  total  protein  content  in  BAT  in  both  young  and  old  rats 
(p=0.0032)  (Table  6-3).  In  CL-treated  rats,  there  was  a  1.5  fold  increase  in  total  protein 
content  in  young  rats  (p=0.036)  and  a  1.7  fold  increase  in  total  protein  content  in  old  rats 
(p=0.036)  (Table  6-3).  This  increase  in  protein  content  occurs  inspite  of  a  reduction  in 
tissue  mass  upon  treatment  with  CL.  Total  protein  content  in  BAT  in  control  rats  was 
unchanged  with  age  (Table  6-3).  There  was  a  significant  effect  of  both  age  and  treatment 
on  total  protein  content  in  PWAT.  The  total  PWAT  protein  content  in  old  control  rats 
was  two  fold  higher  compared  with  the  young  control  rats;  this  is  due  to  the  large 
increase  in  tissue  size  with  age  (p=0.0098)  (Table  6-3). 


Figure  6-6.  UCPl  levels  in  BAT  after  treatment  with  CL  in  young  (6  month)  and 
old  (24  month)  rats.  Animals  from  both  age  groups  were  implanted  with  subcutaneuous 
mini-pumps  delivering  either  63 AR  agonist,  CL  (1  mg/kg/day)  or  saline,  for  7  days.  Data 
represent  means  ±  SE  from  8  rats  in  each  group.  UCPl  mRNA  levels  are  expressed  in 
arbitrary  units/^ig  RNA,  with  the  levels  in  saline  treated  young  rats  set  to  100,  with  SE 
adjusted  proportionally. 

tp=0.0001  for  differences  with  CL  treatment  as  the  main  effect.  By  post-hoc 
analysis,  p=0.0001  (young  rats)  and  p=0.001  (old  rats)  for  differences  between  CL  and 
saline  treatment. 


Table  6-3 

Total  protein  in  BAT  and  PWAT  upon  7  day  treatment  with  CL  in  6  month 

and  24  month  old  rats 


Total  protein  in  BAT 

TY\  ft 

mg 

Total  protein  in  PWAT 
mg 

lOung  (^0  montnj 

Saline  treated 

41.9  ±5.3 

8.72  ±  1.1 

CL  treated 

61.8±5.8t 

14.6±1.4t 

Old  (24  month) 

Saline  treated 

46.5  ±  8.3 

17.2  ±  2.3* 

CL  treated 

79.9  ±  9.2t 

24.0±1.2*t 

Young  (6  month)  and  old  (24  month)  rats  were  treated  with  either  63AR  agonist, 
CL  (Img/kg/day)  or  saline  for  7  days.  Data  represent  means  ±  SE  of  8  rats  in  each  group. 
In  BAT:  tp=0.0032  for  differences  with  treatment  as  the  main  effect,  by  two-way 
ANOVA.  By  post-hoc  analysis,  p=0.036  for  differences  between  CL  and  saline  treatment 
in  both  young  and  old  rats. 

In  PWAT:  *p=0.0001  for  differences  with  age  as  the  main  effect,  by  two-way  ANOVA. 
p=0.009  (saline  treatment)  and  p=0.007  (CL  treatment)  for  difference  between  young  and 
old  rats,  by  post-hoc  analysis.  tp=0.0006  for  differences  with  CL  treatment  as  the  main 
effect,  by  two-way  ANOVA.  By  post-hoc  analysis,  p=0.013  for  differences  between  CL 
and  saline  treatment  in  young  rats  and  p=0.019  for  differences  between  CL  and  saline 
treatment  in  old  rats. 


The  protein  content  of  PWAT  increased  in  young  and  old  rats  upon  CL  treatment 
(p=0.006)  (Table  6-3).  This  increase  in  protein  content  occurs  inspite  of  a  reduction  in 
tissue  mass  upon  treatment  with  CL. 

LPL  mRNA  levels  in  BAT  and  PWAT 

LPL  is  yet  another  key  player  involved  in  regulation  of  energy  balance,  through 
its  effects  on  lipid  metabolism.  The  effects  of  CL  treatment  on  LPL  mRNA  levels  in 
BAT  and  PWAT  were  determined  in  the  two  age  groups  of  rats.  LPL  mRNA  levels  were 
unchanged  with  age,  in  BAT  (Table  6-4).  CL  treatment  resulted  in  an  induction  of  LPL 
mRNA  levels  in  BAT  in  both,  the  young  and  old  groups  of  rats,  when  compared  with 
respective  age-matched  controls  (p=0.001  and  p=0.0001,  respectively)  (Table  6-4), 
However,  the  induction  of  LPL  mRNA  levels  in  the  old  rats  was  lower  than  the  percent 
induction  of  LPL  mRNA  levels  in  the  young  rats  (p=0.(X)65)  (Table  6-4).  In  PWAT, 
there  was  a  marginally  significant  effect  of  age  on  basal  levels  of  LPL  mRNA  (p=0.058) 
(Table  6-4).  Among  the  saline  treated  rats,  there  was  a  17%  decrease  in  LPL  mRNA 
levels  (p=0.038)  (Table  6-4).  There  was  however,  no  effect  of  CL  treatment  on  LPL 
mRNA  levels  in  PWAT  in  either  age  group  (Table  6-4). 

B3AR  mRNA  levels  in  BAT  and  PWAT 

B3AR  mRNA  levels  were  measured  in  BAT  and  PWAT  in  young  and  old  groups 
of  rats.  In  BAT,  there  was  no  effect  of  CL  on  63AR  mRNA  levels  in  either  young  or  old 
rats  (Fig  6-7).  Basal  levels  of  63AR  mRNA  in  BAT  were  also  surprisingly  unchanged 
with  age  (Fig  6-7).  In  contrast,  in  PWAT,  basal  levels  of  63AR  mRNA  were  suppressed 
by  35%  in  old  controls  compared  with  young  controls  (p=0.015)  (Fig  6-8).  Upon 
treatment  with  CL,  there  was  a  surprising  upregulation  of  63AR  mRNA  in  old  rats  from 
basal  levels  to  the  control  levels  (p=0.016)  (Fig  6-8).  CL  had  no  effect  on  63AR  mRNA 
levels  in  PWAT  in  young  rats  (Fig  6-8). 


Table  6-4 


Levels  of  LPL  mRNA  in  BAT  and  PWAT  upon  7  day  treatment  with  CL  in  6  month 

and  24  month  old  rats 


LPL  mRNA  in  BAT  LPL  mRNA  in  PWAT 

 (arbitrary  units  /  \Lg  RNA)  (arbitrary  units  /  \Lg  RNA) 

Young  (6  month) 

Sahne  treated            1(X).0  ±  7.2  100.0  ±  5.2 

CL  treated           250.2  ±  30.lt  105.1  ±9.5 

Old  (24  month)  '  '     ■'  '■/\'':  ^ 

Saline  treated      j      93.0  ±6.3  83.3  ±4.3* 

CL  treated  152.1  ±5.9*t  91.3  ±7.8 

6  mo  and  old  old  animals  were  treated  with  either  63AR  agonist,  CL  or  saline  for 
7  days.  Data  represent  means  ±  SE  of  8  rats  in  each  group.  LPL  mRNA  levels  are 
expressed  in  arbitrary  units/|ig  RNA  with  levels  in  saline  treated  young  rats  set  to  100, 
with  SE  adjusted  proportionally. 

In  BAT:  *p=0.002  for  differences  with  age  as  the  main  effect,  by  two-way 
ANOVA.  p=0.006  for  differences  between  young  and  old  rats  treated  with  CL,  by  post- 
hoc  analysis.  tp=0.0001  for  differences  with  treatment  as  the  main  effect,  by  two-way 
ANOVA.  p=0.001  (young  rats)  and  p=0.0001  (old  rats)  for  differences  between  CL  and 
saline  treatment,  by  post-hoc  analysis. 

In  PWAT:  *p=0.058  for  differences  with  age  as  the  main  effect,  by  two-way 
ANOVA.  p=0.038  for  differences  between  control  (saline-treated)  young  and  old  rats. 
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Figure  6-7.  B3AR  mRNA  levels  in  BAT  after  treatment  with  CL  in  young  (6  mo)  and  old 
(old)  rats.  Animals  from  both  age  groups  were  implanted  with  subcutaneuous  mini- 
pumps  delivering  either  63 AR  agonist,  CL  (1  mg/kg/day)  or  saline,  for  7  days.  Data 
represent  means  ±  SE  from  8  rats  in  each  group.  63AR  mRNA  levels  are  expressed  in 
arbitrary  units/^g  RNA  with  levels  in  saline  treated  young  rats  set  to  100,  with  SE 
adjusted  proportionally. 

There  were  no  statistical  differences  with  age  or  with  treatment  in  levels  of  63AR  mRNA 
levels  in  BAT, 
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Figure  6-8.  63AR  mRNA  levels  in  PWAT  after  treatment  with  CL  in  young  (6  month) 
and  old  (24  month)  rats.  Animals  from  both  age  groups  were  implanted  with 
subcutaneuous  mini-pumps  delivering  either  63 AR  agonist,  CL  (1  mg/kg/day)  or  saline, 
for  7  days.  Data  represent  means  ±  SE  from  8  rats  in  each  group.  B3AR  mRNA  levels 
are  expressed  in  arbitrary  units/^ig  RNA  with  levels  in  saline  treated  young  rats  set  to 
100,  with  SE  adjusted  proportionally. 

*p=0.022  for  differences  with  age  as  the  main  effect,  by  two-way  ANOVA. 
p=0.0149  in  saline  treated  rats  for  difference  between  young  and  old,  by  post-hoc 
analysis.  tp=0.050  for  difference  with  treatment  as  the  main  effect,  by  two-way 
ANOVA.  p=0.0161  for  difference  between  CL  and  saline  treatment  in  old  rats,  by  post- 
hoc  analysis. 


Discussion 


CL316,243  (CL)  is  a  63-selective  adrenergic  agonist,  (61:62:63::0.1: 1:100000) 
(Bloom  et.al.,  1992;  Himms-Hagen  et.al.,  1994)  with  anti-obesity  and  anti-diabetic 
effects  in  rodents  (Yoshida  et.al.,  1994;  Umekawa  et.al.,  1997).  Treatment  of  young  (6 
month)  and  aged  (24  month)  F344/BN  rats  with  CL  for  one  week,  reduced  adiposity, 
suppressed  leptin  mRNA  levels  in  PWAT  and  induced  UCPl  mRNA  levels  in  BAT. 
Moreover,  treatment  with  CL  was  associated  with  a  marked  but  transient  suppression  of 
food  intake  in  young  and  old  rats.  Most  of  the  responses  elicited  in  the  old  rats  upon  CL 
treatment,  were  qualitatively  similar  to  those  in  the  young  rats,  but  blunted  in  magnitude. 
It  is  possible  that  there  is  an  impairment  or  alteration  in  end-organ  responsiveness  to  CL 
in  the  24  month  rats.  It  is  also  possible  that  the  dose  of  CL  used  in  the  aged  rats  was  not 
the  optimal  dose,  due  to  an  altered  pharmacokinetic  profile  and  this  may  also  contribute 
to  the  blunted  responses  seen  with  age. 

Administration  of  CL  as  an  acute  dose  (1  mg/kg  for  12  or  24  h)  has  been  reported  to 
suppress  food  intake  (Mantzoros  et.al.,  1996;  Grujic  et.al.,  1997).  On  the  other  hand, 
several  reports  demonstrate  that  cumulative  food  intake  remains  unaltered  upon  chronic 
administration  of  CL  (more  than  1  week)  (Umekawa  et.al.,  1997;  Himms-Hagen  et.al., 
1994;  Himms-Hagen  et.al.,  1997).  However,  these  studies  did  not  assess  the  time  course 
relation  between  food  intake  and  B3AR  agonist  administration.  The  results  of  this  study 
corroborate  and  extended  the  observations  from  other  published  reports.  Upon  treatment 
with  CL  there  was  an  acute  effect  on  food  intake,  characterized  by  a  marked  suppression 
on  day  1  of  the  treatment.  The  suppression  of  food  intake  was  however,  transient;  there 
was  a  spontaneous  recovery  in  food  intake  beginning  on  day  2  of  the  treatment,  and  by 
day  4,  the  CL-treated  young  rats  consumed  similar  amount  of  food  compared  with  the 
controls.  The  effects  of  CL  on  food  intake  in  old  rats  mirrored  the  effects  in  young  rats; 
however,  the  recovery  of  food  intake  was  slower  than  in  the  young  rats.  It  was  only  on 


day  5  of  the  treatment,  that  the  CL-treated  old  rats  consumed  as  much  food  as  the  saline 
treated  rats  from  the  same  age  group.  The  exact  mechanism  for  these  temporal  effects  on 
food  intake  is  unknown.  One  possible  explanation  is  based  on  the  dual  effects  of  CL  viz. 
activation  of  BAT  thermogenesis  and  suppression  of  leptin.  The  acute  and  immediate 
effect  of  CL  treatment  would  be  an  activation  of  BAT  thermogenesis  and  production  of 
heat;  the  latter  has  been  proposed  to  have  a  suppressive  effect  on  food  intake  (Himms 
Hagen,  1995).  In  addition,  through  its  effects  mediated  via  the  63ARs  on  WAT,  CL 
suppresses  leptin  gene  expression  and  thus,  decreases  seum  leptin  levels.  It  has  been 
demonstrated  that  the  CL-mediated  acute  effects  on  food  intake  are  dependant  on  the 
presence  of  63ARs  in  white  adipocytes  (Grujic  et.al.,  1997).  The  decrease  in  serum  leptin 
would  in  turn  promote  a  compensatory  increase  in  food  intake.  The  overall  effect  of  the 
two  counteracting  mechanisms  (i.e.  increased  heat  production  by  BAT  and  decreased 
levels  of  serum  leptin)  on  food  intake  would  be  an  initial  suppression  followed  by  an 
increase  in  food  intake  to  similar  values  as  in  saline  treated  age-matched  controls.  An 
alternate  possibility  is  that  an  unknown  63-regulated  factor  produced  by  WAT  or  acting 
on  63ARs  in  WAT  elicits  or  contributes  to  the  observed  changes  in  food  intake. 

Consistent  with  other  reports,  (Umekawa  et.al.,  1997;  Yohida  et.al.,  1994),  CL 
treatment  induced  a  body  weight  loss  and  fat  depot  weight  loss  in  young  (6  month)  rats. 
The  decrease  in  adiposity  index  (calculated  as  the  sum  of  three  WAT  depots  divided  by 
body  weight  multiplied  by  100)  in  young  rats  with  CL  was  36.5%;  thus,  CL  had  potent 
antiobesity  effects  in  the  young  rats.  The  anti-obesity  effects  of  CL  were  not  as  dramaUc 
in  old  (24  month)  rats,  which  have  significantly  higher  body  weights  and  adiposity, 
compared  with  the  young  (6  month)  rats.  In  old  rats,  there  was  a  small  (13%)  but 
significant  decrease  in  adiposity  index  upon  CL  treatment.  The  decrease  in  adiposity 
with  CL  may  in  part,  be  due  to  the  increased  energy  dissipation  with  CL,  through 
activation  of  non-shivering  thermogenesis  in  BAT. 


CL  treatment  induced  a  very  marked  hypertrophy  of  BAT  in  young  and  old  rats, 
as  indicated  by  the  doubling  of  its  protein  content.  UCPl  mRNA  levels  in  BAT  were 
also  elevated  in  young  and  old  rats  with  CL.  However,  the  capacity  of  CL  to  induce 
UCPl  mRNA  was  25%  lower  in  the  old  rats  compared  with  young  rats.  A  similar  age- 
related  impairment  in  63-adrenergic  mediated  induction  of  UCPl  gene  expression  has 
been  demonstrated  earlier  with  acute  treatment  with  a  63AR  agonist  (Scarpace  et.al., 
1991).  With  age,  there  is  an  attenuation  of  sympathetically  activated  thermogenesis  in 
BAT  (McDonald  et.al.,  1988).  It  is  likely  that  the  impaired  energy  dissipation  in 
response  to  CL  in  old  rats  accounts  for  a  very  limited  decrease  in  adiposity  in  old  rats. 

In  general,  serum  leptin  levels  reflect  body  fat  content.  In  young  rats,  CL  induced 
a  36%  decrease  in  adiposity  which  was  accompanied  by  a  41%  decrease  in  serum  leptin 
levels.  In  the  old  rats,  however,  inspite  of  the  13%  decrease  in  adiposity  upon  CL 
treatment,  there  was  no  significant  decrease  in  serum  leptin  levels.  Leptin  gene 
expression  and  thus  serum  leptin  levels  are  subject  to  negative  regulation  by  63AR 
agonists.  The  reduced  effect  of  CL  on  serum  leptin  levels  in  old  animals  suggests  an 
impairment  in  the  63AR  mediated  inhibition  of  leptin  gene  expression  in  WAT,  with  age. 
However,  the  effects  of  CL  on  leptin  gene  expression  in  PWAT,  were  similar  in  young 
and  old  rats.  This  suggests  that  the  inhibition  of  leptin  gene  expression  in  other  WAT 
depots  may  account  for  the  greater  decrease  in  serum  leptin  with  CL  treatment  in  young 
rats.  Alternatively,  leptin  synthesis  or  secretion  may  be  differentially  suppressed  in 
PWAT  by  CL  treatment. 

Leptin  mRNA  levels  are  elevated  with  age  (Li  et.al.,  1997a).  Elevated  levels  of 
serum  leptin  and  leptin  mRNA  are  important  determinants  in  the  development  of  leptin 
resistance  with  age.  Thus,  increased  leptin  desensitizes  leptin  responsiveness,  resulting  in 
development  of  leptin  resistance,  which  further  increases  adiposity.  Reducing  leptin  may 
be  one  way  to  restore  leptin  responsiveness;  much  like  the  use  of  6-adrenergic  blockers 
for  treatment  of  heart  failure.  In  old  rats,  although  CL  treatment  suppressed  leptin  gene 


expression,  there  was  not  a  significant  decrease  in  serum  leptin  levels.  Following  CL 
treatment,  serum  leptin  levels  reamined  elevated,  compared  with  the  levels  in  young- 
control  rats.  Thus,  63AR  agonists,  inspite  of  their  anti-obesity  effects,  may  not  be 
effective  in  reversing  the  leptin  resistance  seen  with  age. 

In  addition  to  the  age-related  differences  in  the  effects  of  CL  on  adiposity,  feeding 
behaviour,  and  serum  leptin,  the  effects  of  chronic  administration  of  CL  on  63AR  mRNA 
in  BAT  and  WAT,  in  young  and  old  rats,  is  of  interest.  The  63AR  lacks  most  of  the 
serine/threonine  residues  that  are  phosphorylated  by  the  B-adrenergic  receptor  kinase  and 
by  PKA  in  the  classical  process  of  desensitization  and  hence  should  lack  this  process 
(Nahmias  et.al.,  1991).  Brown  adipocytes  isolated  from  animals  that  have  been  exposed 
to  cold  for  a  prolonged  period  show  a  decreased  responsiveness  to  norepinephrine,  in 
vivo,  and  hence  exhibit  functional  desensitization.  Moreover,  in  in  vivo  studies,  it  has 
been  demonstrated  that  upon  acute  treatment  with  norepinephrine,  or  63AR  agonists, 
there  is  a  decrease  in  63 AR  mRNA  in  BAT  (Granneman  et.al.,  1994;  Granneman  et.al., 
1995).  So  also,  in  our  earlier  studies  we  found  a  50%  decrease  in  63AR  mRNA  levels 
upon  CGP12177  treatment  for  4  hours  (Table  4-6,  Chapter  4).  In  this  study,  upon 
treatment  with  CL  for  7  days,  there  were  no  changes  in  the  levels  of  B3AR  mRNA  in 
BAT  in  young  or  old  rats.  It  has  been  demonstrated  that  the  down  regulation  of  the  B3AR 
gene  expression  in  BAT  cells  is  transient.  Cold  exposure  increases  sympathetic 
stimulation  of  BAT,  and  upon  acute  cold  exposure,  there  is  a  reduction  in  B3AR  mRNA 
levels  in  BAT  after  3  hours  (Bengtssonn  et.al.,  1996).  After  12  h  of  cold  exposure,  the 
reduction  in  B3AR  mRNA  levels  is  50%,  relative  to  thermoneutral  controls,  but  after 
prolonged  exposure  to  cold  (24  to  30h),  the  63AR  mRNA  levels  return  to  control  levels 
(Bengtssonn  et.al.  1996).  Upon  treatment  with  a  B3AR  agonist,  a  similar  pattern  is 
observed.  There  is  an  acute  downregulation  of  63AR  mRNA  in  BAT  after  2  days  of 
B3AR  agonist  treatment  but  an  upregulaUon  of  B3AR  mRNA  levels  after  chronic  (20 
days)  treatment  (Arbeeny  et.  al,  1995).  It  is  thus  possible  that  the  unchanged  B3AR 


mRNA  levels  in  BAT  with  CL  treatment,  simply  reflects  the  recovery  of  the  63AR 
mRNA  after  an  initial,  acute  suppresion.  CL  treatment  also  had  no  effect  on  the  levels  of 
63 AR  in  PWAT  in  young  rats  after  7  days.  Similar  to  other  reports,  basal  levels  of  63AR 
mRNA  in  PWAT  were  suppressed  by  36%  with  age  (Gettys  et.al.,  1995).  Upon 
treatment  with  CL,  there  was  an  upregulation  of  the  63AR  mRNA  levels  in  old  rats;  the 
63AR  mRNA  levels  were  thus,  restored  to  same  levels  as  in  saline  treated  old  rats.  Such 
an  upregulation  is  similar  to  that  demonstrated  for  63AR  mRNA  levels  in  PWAT  upon 
63AR  agonist  treatment  for  20  days  (Arbeeny  et.al.,  1995).  The  regulation  of  63 AR 
mRNA  by  63AR  agonists  in  both  BAT  and  WAT  is  thus  complex  and  temporal  in  nature. 

In  conclusion,  CL3 16,243  was  an  effective  anti-obesity  agent  in  young  (6  month) 
rats.  In  these  young  rats,  there  was  a  36.5%  decrease  in  adiposity,  a  41%  reduction  in 
serum  leptin  levels,  and  a  237%  induction  of  UCPl  mRNA  levels  in  BAT  upon  7  days  of 
CL  treatment.  In  contrast,  there  was  a  blunted  response  to  CL  treatment  in  old  (24 
month)  rats;  there  was  only  a  13%  nonsignificant  decrease  in  adiposity,  and  a  very  small 
nonsignificant  decrease  in  serum  leptin  levels  upon  7  days  of  CL  treatment.  Moreover, 
the  increase  in  UCPl  mRNA  levels,  although  present,  was  significantly  blunted  with  age. 
Thus,  CL  is  an  ineffective  agent  to  reverse  the  age-related  obesity  or  suppress  the 
elevated  serum  leptin  levels  seen  with  age.  It  is  probable  that  impaired  end-organ 
responsiveness  to  CL  with  age,  is  a  major  determining  factor  in  the  effectiveness  (or  lack 
thereoO  of  CL  as  an  anti-obesity  agent  in  old  rats. 


CHAPTER? 
SUMMARY  AND  CONCLUSIONS 


These  studies  investigated  the  role  of  vitamin  A  and  its  active  metabolite,  all- 
trans-retinoic  acid  (RA)  on  various  aspects  of  energy  homeostasis,  including  UCPl 
mRNA  levels  in  BAT,  whole  body  oxygen  consumption,  leptin  mRNA  levels  in  WAT 
and  serum  leptin  levels  in  6  month  F344/BN  rats.  The  potential  of  vitamin  A 
supplementation  to  reverse  or  compensate  for  some  of  the  age-related  changes  in  the 
energy  homeostatic  mechanisms  was  also  investigated  in  aged  (24  month)  rats.  The 
effects  of  the  63AR  agonist,  CL3 16,243,  were  also  studied  in  young  (6  month)  and  aged 
(24  month)  rats.  63AR  agonists  are  effective  anti-obesity  agents  in  young  or  obese  rats 
(Danforth  et.al,  1997;  Umekawa  et.al.,  1997;  Yoshida  et.al.,  1994).  The  effectiveness  of 
the  63 AR  agonist,  CL3 16,243,  as  an  anti-obesity  agent  in  age-associated  obesity  was 
determined  in  24  month  old  rats,  compared  with  6  month  old  rats.  So  also,  the  potential 
of  the  63AR  agonist  to  reverse  or  compensate  for  some  of  the  age-related  alterations  in 
the  energy  homeostatic  mechanisms  was  also  investigated. 

The  effects  of  RA  on  BAT  have  only  recently  been  studied.  RA  had  been  shown 
to  be  a  powerful  activator  of  UCPl  gene  expression,  acting  through  a  RA-responsive 
element  in  the  promoter  of  the  UCPl  gene  (Alvarez  et.al.,  1995).  The  effects  of  RA  on 
leptin  gene  expression  were  unknown.  RA,  upon  acute  administration  (5  hours), 
increased  UCPl  mRNA  levels  in  BAT  and  suppressed  leptin  mRNA  levels  in  PWAT. 
These  effects  of  RA  paralleled  the  effects  of  the  63 AR  specific  agonist,  CGP12177  on 
UCPl  and  leptin  gene  expression.  In  contrast,  whereas  CGP12177  greatly  stimulated 
oxygen  consumption,  there  were  no  acute  effects  of  RA  on  whole  body  oxygen 
consumption,  one  measure  of  BAT  thermogenesis.  Moreover,  CGP12177  induced  LPL 
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gene  expression  in  BAT,  whereas  RA  was  ineffective.  The  involvement  of  RA  in  the 
positive  regulation  of  UCPl  mRNA  in  BAT  and  negative  regulation  of  leptin  mRNA  in 
PWAT  suggested  a  definite  role  for  RA  in  energy  homeostasis.  However,  based  on  the 
contrasting  effects  of  RA  on  leptin  and  UCPl  gene  expression,  the  overall  effect  of  RA, 
or  its  parent  compound  vitamin  A,  on  energy  balance  was  difficult  to  predict.  It  is 
possible  that  the  chronic  administration  of  RA,  or  its  parent  compound  vitamin  A, 
through  induction  of  UCPl  gene  expression  could  upregulate  the  capacity  for  energy 
expenditure  in  BAT  and  through  this  mechanism,  reduce  adiposity.  Alternatively,  the 
chronic  administration  of  RA,  or  its  parent  compound,  vitamin  A,  could  promote 
adiposity,  through  suppression  of  leptin  gene  expression,  which  would  result  in  a 
subsequent  increase  in  food  consumption  or  a  decrease  in  energy  expenditure.  Dietary 
vitamin  A  supplementation  for  8  weeks  lowered  serum  leptin  levels  and  decreased 
adiposity  in  6  month  old  F344/BN  rats.  This  decrease  in  adiposity  was  associated  with  an 
increase  in  UCPl  gene  expression  and  a  decrease  in  a  leptin  gene  expression.  The 
decrease  in  adiposity  was  not  associated  with  any  change  in  food  consumption  suggesting 
that  it  was  a  result  of  a  redistribution  of  body  composition  or  an  increase  in  energy 
expenditure.  Whereas  basal  levels  of  whole  body  oxygen  consumption  were  unchanged 
with  dietary  vitamin  A  supplementation,  the  63-adrenergic  agonist,  CGP12177-stimulated 
increase  in  oxygen  consumption  was  greater  in  the  rats  supplemented  with  vitamin  A 
compared  with  those  on  a  normal  diet.  This  suggests  that  the  capacity  for  nonshivering 
thermogenesis  in  BAT  was  increased  in  the  vitamin  A  supplemented  rats.  Thus,  dietary 
vitamin  A  supplementation  seemed  to  have  a  potential  role  as  an  anti-obesity  treatment  or 
as  one  method  to  lower  abnormally  elevated  serum  leptin  levels,  such  as  those  seen  with 
increase  in  age. 

The  ability  of  vitamin  A  supplementation  to  lower  serum  leptin  levels  was 
examined  in  aged  (24  month)  rats  and  compared  with  its  effects  in  4  month  old  rats.  (At 
4  months  of  age,  serum  leptin  levels  are  lower  compared  with  levels  at  6  or  24  months). 


The  effects  of  vitamin  A  supplementation  on  serum  leptin  levels  as  well  as  on  leptin 
mRNA  levels  in  4  month  (young  and  growing)  rats  were  unexpectedly  absent.  The 
effects  of  vitamin  A  supplementation  on  serum  leptin,  and  leptin  mRNA  levels  in  PWAT 
in  24  month  (aged)  rats  were  qualitatively  similar  to  the  effects  in  6  month  (mature)  rats, 
but  severly  blunted  in  magnitude,  suggestive  of  an  impaired  responsiveness  to  vitamin  A. 
It  is  however,  equally  possible,  that  the  leptin  homeostatic  mechanisms  are  impaired 
severely,  with  age,  and  that  the  leptin  resistance  cannot  be  effectively  reversed  upon  8 
week  vitamin  A  supplementation. 

With  age,  there  is  an  increase  in  adiposity  as  well  as  an  increase  in  leptin  mRNA 
levels  per  unit  of  WAT  and  elevated  serum  leptin  levels.  63 AR  mediated  thermogenesis 
and  63AR  signal  transduction  is  impaired  with  age  in  BAT,  as  is  63AR  mediated  lipolysis 
and  63AR  signal  transduction  in  WAT.  Thus,  it  is  possible  that  with  age,  there  is  an 
impairment  in  the  63AR  mediated  suppression  of  leptin  gene  expression,  which 
contributes  to  the  elevated  levels  of  serum  leptin,  leptin  mRNA,  and  possibly,  leptin 
resistance  with  age.  To  answer  the  question  whether  the  63AR  mediated  regulation  of 
leptin,  feeding  behaviour  and  adiposity  is  impaired  with  age,  the  63AR  agonist, 
CL3 16,243  was  administered  as  a  7  day  infusion  to  young  (6  month)  and  aged  (24 
month)  rats.  CL3 16,243  was  extremely  effective  in  lowering  serum  leptin  levels  in 
young  rats  but  not  m  aged  rats.  There  was  a  reduction  in  adiposity,  suppression  of  leptin 
mRNA  levels  in  PWAT  and  induction  of  UCPl  mRNA  levels  in  BAT,  in  young  and  old 
rats.  Most  of  the  responses  elicited  in  the  old  rats  upon  CL3 16,243  treatment,  were 
qualitatively  similar  to  those  in  the  young  rats,  but  blunted  in  magnitude. 

Moreover,  an  interesting  temporal  effect  of  CL3 16,243  treatment  on  food  intake 
was  observed  in  young  and  old  rats.  Whereas  there  was  an  acute  suppression  of  food 
intake  on  day  1  after  treatment,  the  suppression  was  transient;  there  was  a  spontaneous 
increase  in  food  intake  beginning  on  day  2  of  the  treatment,  and  by  day  4-5,  the 
CL3 16,243  treated  rats  consumed  similar  amount  of  food  as  the  controls.  The  pattern  of 


an  acute  suppression  of  food  intake  followed  by  gradual  recovery  was  similar  in  young 
and  aged  rats.  Unlike  CL3 16,243,  vitamin  A  supplementation  had  no  effects  on  food 
consumption  in  any  of  the  3  age  groups  of  rats,  viz  4-,  6-,  or  24  months. 

In  conclusion,  RA,  the  active  metabolite  of  vitamin  A  was  demonstrated  to  have 
distinct  effects  on  UCPl  and  leptin  gene  expression.  These  effects  closely  mimicked  the 
effects  of  the  B3AR  agonist,  CGP12177  in  BAT  and  PWAT,  leading  one  to  initially 
speculate  that  the  two  treatments  may  have  essentially  similar  effects  on  some  of  the 
loops  involved  in  energy  homeostasis.  However,  in  BAT,  whereas  CGP12177  had  a 
significant  effect  on  gene  expression  of  LPL,  an  important  enzyme  in  energy  metabolism 
as  well  as  on  63AR  mRNA  levels,  another  important  component  of  the  energy 
homeostatic  mechanism,  RA  had  no  effects.  The  effects  of  dietary  vitamin  A 
supplementation  for  8  weeks  and  chronic  B3AR  infusion  (CL3 16,243  for  7  days)  on 
serum  leptin  levels  and  adiposity  were  qualitatively  similar.  Based  on  these  observations, 
it  is  possible  to  theorize  that  vitamin  A  and  B3AR  agonists  initiate  the  same  pathway  of 
events,  although  probably  by  different  mechanisms,  which  result  finally,  in  a  decrease  in 
adiposity,  lowering  of  serum  leptin  and  suppression  of  leptin  mRNA.  The  alternate 
possibility  is  that  vitamin  A  and  63AR  agonists  exert  their  effects  at  completely  different 
loci  of  the  various  homeostatic  pathways,  but  which  finally  result  in  a  decrease  in 
adiposity,  lowering  of  serum  leptin  and  suppression  of  leptin  mRNA.  The  latter 
possibility  is  supported  by  the  observations,  presented  in  Table  7-1,  indicating  varying 
quantitative  effects  of  vitamin  A  and  63AR  agonists  on  adiposity,  serum  leptin  levels  and 
leptin  mRNA  levels.  .  ,  -p..       ■<  . 

In  general,  serum  leptin  levels  reflect  body  fat  content.  Thus,  a  decrease  in 
adiposity  would  be  expected  to  result  in  a  decrease  in  serum  leptin  levels.  With  dietary 
vitamin  A  supplementation  for  8  weeks,  there  was  a  9%  decrease  in  adiposity  in  the  6 
month  old  rats.(Table  7-1).  However,  there  was  a  dramatic  65%  decrease  in  serum  leptin 
levels,  which  is  far  greater  than  might  be  predicted  from  the  modest  9%  decrease  in 


Table  7-1 

Overall  Summary  showing  the  effects  of  vitamin  A  supplementation  (8  weeks) 
and  CL3 16,243  treatment  (7  days)  on  various  parameters  of  energy  homeostasis 

in  6  month  old  F344xBN  rats 


Vitamin  A  supplementation 
 (8  weeks)  


CL3 16,243  treatment 
 (7  days)  


Adiposity  Index 
Serum  leptin  levels 
Leptin  mRNA  levels 
in  PWAT 


9%  decrease 
65%  decrease 
44%  decrease 


36.5  %  decrease 
41  %  decrease 
15%  decrease 


UCPl  mRNA  levels  31%  increase  237%  increase 

in  BAT 


adiposity  (Table  7-1).  One  factor  contributing  to  the  decrease  in  serum  leptin 
levels  might  be  suppressed  leptin  gene  expression.  With  vitamin  A  supplementation, 
there  was  a  44%  decrease  in  leptin  mRNA  levels  in  PWAT,  which  may  have  contributed 
to  the  substantial  decrease  in  serum  leptin  levels  (Table  7-1). 

Upon  B3AR  treatment  for  7  days,  there  was  a  large  decrease  (36.5%)  in  adiposity 
in  the  6  month  old  rats  (Table  7-1).  Unlike  vitamin  A  supplementation  however,  the 
decrease  in  serum  leptin  levels  was  not  as  dramatic  with  the  B3AR  agonist  There  was  a 
41%  decrease  in  serum  leptin  levels  with  63 AR  agonist  (Table  7-1).  This  decrease  in 
serum  leptin  levels  parallels  the  36.5%  decrease  in  adiposity  seen  with  63AR  agonist 
treatment  and  is  most  likely,  a  consequence  of  the  decrease  in  adiposity.  Thus,  the 
suppression  of  leptin  mRNA  levels  in  WAT  may  not  be  the  primary  cause  for  lowering 
serum  leptin  levels.  Indeed,  there  was  only  a  15%  suppression  of  leptin  mRNA  levels  in 
PWAT. 

Vitamin  A  supplementation  and  B3AR  agonist  treatment,  thus,  have  very  similar 
effects  on  adiposity,  serum  leptin  levels  and  leptin  mRNA,  but  exert  their  effects  at 
different  points  of  the  homeostatic  loops.  It  is  possible  that  the  effect  of  the  fi3AR 
agonist  is  primarily  on  adiposity,  with  effects  on  serum  leptin  as  a  consequence  to  the 
decrease  in  adiposity.  The  decrease  in  adiposity  with  the  63AR  agonist  is  most  likely  due 
to  an  increase  in  energy  expenditure  in  BAT,  via  increased  thermogenesis.  Infact,  there 
was  a  2.6  fold  increase  in  UCPl  mRNA  levels  with  63AR  agonist.  This  increase  in 
UCPl  mRNA  levels  would  contribute  to  the  increase  in  energy  expenditure,  which  would 
result  in  a  decrease  in  adiposity.  The  major  effect  of  vitamin  A  supplementation,  on  the 
other  hand,  is  probably  on  leptin  gene  expression  and  hence,  on  serum  leptin  levels  with  a 
minor  effect  on  adiposity.  The  effect  of  vitamin  A  on  leptin  mRNA  levels  may  be  direct 
through  acting  on  the  leptin  gene  promoter,  or  indirect,  mediated  by  one  of  the  regulators 
of  leptin  gene  expression.  The  effect  of  vitamin  A  to  reduce  adiposity  could  be  due  to  a 
slight  increase  in  UCPl  mRNA  levels,  thus  increasing  the  capacity  for  energy 


expenditure.  Alternatively,  RA  may  have  an  entirely  indenpendant  effect  on  adiposity 
through  deletion  of  adipocytes  by  apoptosis. 

In  all,  both  vitamin  A  supplementation  for  8  weeks,  as  well  as  B3AR  agonist 
administration  for  7  days  were  effective  manipulations  in  reducing  adiposity  and  serum 
leptin  levels  in  6  month  old  rats.  The  effects  of  the  two  treatments  in  24  month  (aged) 
rats  were  qualitatively  similar  to  those  in  6  month  rats,  but  blunted  in  magnitude.  The 
two  treatments,  thus,  have  limited  potential  as  manipulations  to  restore  or  compensate  for 
the  age-related  alterations  in  energy  homeostasis. 
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